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Transverse  Excited  Atmospheric  (TEA)  CO2  lasers  offer 

H 

improvements  over  low  pressure  CC^  lasers,  but  efficient 
operation  at  atmospheric  pressure  is  often  difficult  to 
achieve.  The  purpose  of  this  research  was  to  examine  the 
feasibility  of  using  unidirectional  oxide  metal  composites 
grown  at  the  Georgia  Institute  of  Technology  to  obviate  the 

n 

problems  of  high  pressure  CO2  laser  operation. 

The  research  was  divided  into  two  areas.  In  the  first, 

n  ,'c7  n 

Gd20^-Ce20^-Mo  and  UO2-W  composites  were  examined  for  use 
directly  as  electrodes  in  C0«  lasers.  Using  discharge 

M 

apparatus  similar  to  that  used  for  CO2  lasers,  the  discharge 
characteristics  from  polished  and  exposed  pin  composite 
electrodes  were  examined.  The  results  of  the  cathode  fall 
tests  indicated  that  cathode  fall  for  every  composite  elec¬ 
trode  tested  was  higher  than  for  the  aluminum  standard.  No 
significant  advantage  with  the  composite  electrodes  at  high 
pressure  was  observed. 

In  the  second  phase  of  the  research,  low  voltage  field 
emitters  (LVFE)  were  examined  as  a  preionization  source  for 


the  discharge.  These  emitters  were  prepared  using  thin 
film  techniques  from  the  UC^-W  composites.  In  this  phase, 
field  emission  at  atmospheric  pressure,  the  control  of  a 
dishcarge  by  field  emission  and  the  survivability  of  the 
LVFE  structure  at  high  pressure  were  all  considered .^^e* 
suits  indicated  that  field  emission  at  up  to  760  torr  in 
helium  was  possible  at  conditions  which  posed  minimal  dam¬ 
age  to  the  LVFE  structure.  Emission  from  the  LVFE  cathodes 
was  also  shown  to  be  suitable  for  tailoring  of  gas  discharge 
characteristics  to  those  desired  in  laser  operation.  While 
true  preionization  was  not  accomplished,  the  LVFE  structure 
has  been  shown  to  be  a  potentially  viable  technique  for  use 
in  controlling  atmospheric  pressure  gas  discharges. 
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Transverse  Excited  Atmospheric  (TEA)  CC>2  lasers  offer 
improvements  over  low  pressure  CC^  lasers,  but  efficient 
operation  at  atmospheric  pressure  is  often  difficult  to 
achieve.  Poor  uniformity,  losses  due  to  cathode  fall  and 
tendency  to  arc  are  all  inherent  problems  with  standard 
CC>2  discharge  electrodes  at  high  pressure.  In  addition  high 
pressure  discharges  are  not  inherently  suitable  for  laser 
operation.  Although  preionization  techniques  can  eliminate 
these  problems,  the  most  common  schemes  involve  high  power 
and  cumbersome  electronics.  The  purpose  of  this  research 
was  to  examine  the  feasibility  of  using  unidirectional  oxide 
metal  composites  grown  at  the  Georgia  Institute  of  Technology 
to  obviate  the  problems  of  high  pressure  CO^  laser  operation. 

The  research  was  divided  into  two  areas.  In  the 
first,  Gd203-C'e2®3~Mto  and  UC^-W  composites  were  examined  for 
use  directly  as  electrodes  in  C02  lasers.  Using  discharge 
apparatus  similar  to  that  used  for  C02  lasers,  the  discharge 
characteristics  from  polished  and  exposed  pin  composite 
electrodes  were  examined  and  compared  to  an  aluminum  elec¬ 
trode.  Both  CW  and  pulsed  cathode  fall  tests  were  performed 
as  well  as  high  (100-600  torr)  pressure  pulsed  stability 
tests.  The  results  of  the  cathode  fall  tests  indicated  that 
cathode  fall  for  every  composite  electrode  tested  was  higher 
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than  for  the  alumi  .um  standard.  In  addition,  no  significant 
advantage  with  the  composite  electrodes  at  high  pressure  was 
observed. 

In  the  second  phase  of  the  research,  low  voltage  field 
emitters  (LVFE)  were  examined  as  a  preionization  source  for 
the  discharge.  These  emitters  were  prepared  using  thin  film 
techniques  from  the  U02~W  composites.  In  examining  the 
feasibility  of  using  the  LVFE  as  a  preionization  source, 
field  emission  at  atmospheric  pressure,  the  control  discharae 
by  field  emission  and  the  survivability  of  the  LVFE  structure 
at  high  pressure  were  all  considered.  Results  indicated  that 
field  emission  at  up  to  760  torr  in  helium  was  possible  at 
conditions  which  posed  minimal  damage  to  the  LVFE  structure. 
Emission  from  the  LVFE  cathodes  was  also  shown  to  be  suitable 
for  tailoring  of  gas  discharge  characteristics  to  those 
desired  in  laser  operation.  While  true  preionization  was 
not  accomplished,  the  LVFE  structure  has  been  shown  to  be  a 
potentially  viable  technique  for  use  in  controlling  atmo¬ 
spheric  pressure  gas  discharges. 
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CHAPTER  I 

INTRODUCTION 

Transverse  Excited  Atmospheric  (TEA)  CO2  lasers  offer 
significant  improvements  over  low  pressure  CO2  lasers  in 
gain,  efficiency  and  tunability.  However,  with  high  pres¬ 
sure  operation,  it  is  often  difficult  to  achieve  the  proper 
discharge  characteristics.  Poor  uniformity,  losses  due  to 
cathode  fall  and  the  tendency  to  arc  are  all  inherent  prob¬ 
lems  with  standard  electrodes.  Although  preionization  can 
eliminate  these  problems,  the  most  common  schemes  involve 
either  short,  high-voltage  discharges  or  large  high  power 
electron  sources  making  them  too  cumbersome  for  small  compact 
laser  designs.  With  these  problems  in  mind,  it  is  clear  that 
improvements  in  state  of  the  art  in  C02  TEA  lasers  must 
involve  either  improved  electrode/discharge  characteristics, 
or  a  simple,  efficient  preionization  scheme.  Based  on  a  com¬ 
prehensive  review  of  the  work  in  these  areas,  it  appears  that 
the  unidirectional  composites  grown  at  Georgia  Tech  offer 
significant  possibilites  for  improvement  of  both  discharge 
characteristics  and  preionization. 

The  UC^-W  and  Gd202~Ce20^-Mo  composites  consist  of 

O 

single  crystal  metal  fibers  about  3000-4000  A  in  diameter 
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grown  in  an  oxide  matrix  at  densities  of  between  10  and  10 

2 

pins/cm  .  Extensive  work  has  been  done  at  Georgia  Tech 
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using  the  UC^-W  composites  as  field  emitters.  Processing 
for  shaping  and  lengthening  the  metal  pins  has  been  developed 
for  UO2-W  and  limited  success  was  also  achieved  with  the 
G<^2°3-Ce203~Mo  comPos;j-tes*  In  initiating  this  effort,  it 
was  hoped  that  the  high  pin  densities  of  these  composites 
would  provide  the  uniformity  required  of  laser  electrodes, 
while  the  shape  of  the  pins  might  independently  control  the 
emission  of  electrons  and  thus  change  the  discharge 
characteristics . 

In  recent  work,  the  UC^-W  composites  have  been  used 
as  Low  Voltage  Field  Emitters  (LVFE) .  These  devices  operate 
by  creating  highly  enhanced  fields  in  the  neighborhood  of 
the  tungsten  pins  permitting  the  emission  of  electrons  at 
applied  voltages  as  low  as  40  V.  It  was  hypothesized  that 
the  electrons  from  the  LVFE  devices  could  be  used 
as  a  preionization  source  for  the  TEA  lasers.  If  so,  this 
would  allow  preionization  at  several  hundred  rather  than 
several  thousand  volts. 

The  research  presented  in  this  dissertation  was  divided 
into  two  areas.  In  the  first,  the  composites  were  examined 
for  use  directly  as  electrodes  in  high  pressure  CC>2  discharges. 
Polished  and  exposed  pin  composites  were  compared  with  an 
aluminum  cathode  for  discharge  uniformity  and  favorable  dis¬ 
charge  voltage-current  characteristics.  In  the  second  area, 
the  LVFE  structure  was  examined  as  an  electron  source  for 
control  and/or  preionization  of  a  gas  discharge.  This 
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included  evaluation  of  high  pressure  field  emission,  the 
use  of  emission  to  control  gas  discharges,  and  the  surviv¬ 
ability  of  the  emitters  in  the  high  pressure  discharge 
environment. 


mmmmmmrnm 


4 


CHAPTER  II 

BACKGROUND 

The  major  area  of  emphasis  in  this  survey  is  the 
transverse  excited  atmospheric  (TEA)  C02  waveguide  laser 
including  both  its  design  and  operation.  However,  as  a 
prerequisite  to  this  subject,  it  is  necessary  to  discuss  the 
operation  of  C02  lasers  and  the  phenomenon  of  electrical 
discharges  in  gases.  While  a  complete  discourse  on  these 
areas  is  beyond  the  scope  of  this  literature  search,  the 
following  sections  should  provide  enough  background  to  allow 
an  understanding  of  the  principles  of  TEA  laser  operation. 

In  addition,  a  discussion  of  the  oxide-metal  composites  and 
their  possible  use  in  CC>2  lasers  is  included. 

C02  Laser  Operation 

Atoms  can  be  raised  from  one  energy  state  to  a  higher 
energy  state  by  the  absorption  of  light  with  a  wavelength 
corresponding  to  the  energy  change  of  the  transition.  Atoms 
in  the  higher  state  can  then  decay  spontaneously  back  to 
their  original  state  or  can  be  stimulated  to  decay  by  light 
of  the  appropriate  wavelength.  This  latter  process,  stimu¬ 
lated  emission,  results  in  the  radiation  of  a  quantum  of 
energy  in  phase  (adding  constructively)  to  the  stimulating 
wave.  This  increases  the  amplitude  of  the  wave  [1],  The 


acronym  LASER  stands  for  Light  Amplification  by  Stimulated 
Emission  of  Radiation.  Since  the  stimulated  emission  com¬ 
petes  with  the  spontaneous  emission  (which  results  in  quanta 
which  are  most  likely  not  in  phase  with  existing  waves)  only 
energy  states  which  have  long  lifetimes  (low  spontaneous 
rates)  can  have  significant  amplification.  Also,  since  the 
rates  of  stimulated  emission  and  absorption  are  identical 
[1],  net  amplification  can  only  occur  when  there  are  more 
atoms  in  the  higher  energy  state.  This  condition,  the 
opposite  of  the  normal  Boltzmann  distribution,  is  termed  a 
"population  inversion."  The  method  for  obtaining  this  inver¬ 
sion,  "pumping,"  clearly  must  be  other  than  by  direct 
simulation.  Assuming  a  population  inversion  exists,  the 
method  for  lasing  becomes  clear.  The  presence  of  the  appro¬ 
priate  wavelength  of  light  causes  stimulated  emission  which 
adds  constructively  to  the  wave.  Cavity  design  and  highly 
reflective  mirrors  are  used  to  preferentially  select  "in 
phase"  waves  and  pass  them  through  the  medium  as  many  as  100 
times.  The  specific  wavelength  of  the  stimulated  emission  is 
enhanced  while  all  other  extraneous  wavelengths  are  elimin¬ 
ated  by  destructive  interference.  The  laser  beam  itself 
is  composed  of  the  small  amount  of  light  (=5%)  which  passes 
through  one  of  the  mirrors. 

While  the  above  characteristics  are  inherent  in  all 
laser  systems,  the  way  in  which  the  energy  states  are  arranged 
and  pumped  varies  greatly  from  system  to  system.  In  the 
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CC^/^/Hg  system,  the  population  inversion  is  accomplished 
by  energy  transfer  from  the  non-lasing  component,  N2* 

Figure  1  depicts  the  major  energy  states  of  this  system. 

An  electrical  discharge  is  used  to  excite  the  N2  molecules 
from  state  (0)  -*•  state  (1)  .  This  state  has  almost  the  iden¬ 
tical  energy  as  a  CC>2  energy  state  (2)  and  resonant  energy 
transfer  from  the  N2  to  the  C02  raises  the  C02  molecules 
to  this  state.  A  population  inversion  is  thus  built  up 
between  CC>2  states  (2)  and  (3)  and  the  decay  to  state  (3) 
results  in  the  lasing.  The  C02  is  then  quenched  from  state 
(3)  to  the  ground  state  by  collisions  with  helium  molecules 
[2]. 

The  above  description  is  actually  an  over  simplifica¬ 
tion  of  the  situation.  The  energy  states  of  the  C02  molecule 
are  quantum  states  representing  a  combination  of  three  funda¬ 
mental  vibration  modes  of  the  molecules.  These  modes  are 
discussed  extensively  in  several  references  including  [1]  and 
[3].  Also,  state  (3)  is  really  two  distinct  energy  levels 
each  composed  of  several  vibrational  states.  These  become 
important  in  tuning  the  C02  laser  to  the  desired  frequency.  For 
the  purpose  of  this  discussion,  however,  the  state  (2)  -*•  (3) 
transition  can  be  considered  characteristic  of  a  C02  laser 
producing  light  at  about  10.6  ym. 

As  mentioned  previously,  resonant  transfer  from  the 
nitrogen  molecule  to  the  C02  molecule  is  the  primary  source 
of  population  inversion.  The  C02  molecule  can  also  be 
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excited  directly  by  inelastic  collisions  with  low  energy 
electrons.  However,  only  when  the  electrical  discharge 
involves  time  scales  of  less  than  one  ysec  is  resonant  trans¬ 
fer  not  important  [2].  Thus,  in  producing  an  efficient  C02 
laser,  it  is  important  to  expend  as  much  of  the  energy  as 
possible  on  the  vibrational  excitation  of  the  nitrogen 
molecules. 

In  CC>2  lasers,  the  nitrogen  molecule  is  excited  by 
passing  an  electrical  discharge  through  the  gas  mixture. 
Unfortunately,  it  is  not  possible  to  increase  the  excitement 
simply  by  increasing  the  energy  of  the  discharge.  Beyond  a 
certain  value,  the  energy  of  the  discharge  will  cause  elec¬ 
tronic  excitation  and  ionization  of  the  nitrogen  molecule 
as  well  as  dissociation  of  the  C02  molecule.  Figure  2  taken 
from  reference  [3]  shows  that  the  fraction  of  the  power  trans¬ 
ferred  to  the  desired  vibrational  mode  decreases  dramatically 
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past  an  E/N  range  of  4-6x10  V-cm  .  The  parameter  E/N  (field 
strength/gas  number  density)  is  proportional  to  the  energy 
imparted  initially  to  an  electron  divided  by  its  mean  free 
path  and  thus  provides  a  measure  of  the  energy  an  electron 
can  impart  to  a  molecule  it  strikes.  Since  number  density 
is  directly  related  to  pressure,  p,  the  parameter  E/p  has  a 
similar  proportionality.  This  parameter  will  be  discussed  at 
length  in  the  next  section.  However,  it  is  clear  from  Figure 
2  that  there  is  an  optimum  value  of  E/p  that  will  produce  the 
most  effective  N2  excitation.  This  value  for  C02/N2  lasers 


FRACTIONAL  POWER  TRANSFER 


Figure  2.  Fractional  Power  Transfer  to  N„  Molecule. 


has  been  derived  theoretically  [3],  and  experimentally  for 
various  conditions  [2,  4,  5,  6],  and  is  always  between  4-20 
V/cm-torr,  with  the  most  common  values  between  4-8  V/cm-torr. 
Operation  within  this  optimum  range  must  be  considered  in 
any  new  or  modified  CO 2  laser  design. 

CO2  lasers  are  commonly  designed  using  a  longitudinal 
discharge  depicted  in  Figure  3a.  In  the  CC>2  system,  the 

laser  output  can  be  increased  simply  by  increasing  the  pres¬ 
sure  of  the  CO2  [1].  However,  in  the  longitudinal  discharge, 
the  optimum  value  of  E/p  cai^iot  be  reached  without  extremely 
large  voltages  (as  high  as  40  kV) .  This  is  because  the 
field  strength  is  voltage/distance  and  the  longitudinal  dis¬ 
tance  is  large.  A  solution  to  this  dilemma  can  be  achieved 
if  a  transverse  discharge.  Figure  3b,  is  used.  Now  the 
distance  is  on  the  order  of  0.1-0. 5  cm  and  at  atmospheric 
pressure,  the  optimum  E/p  can  be  reached  with  as  little  as 
1.5  kV. 

It  is  clear  that  the  nature  of  the  electrical  discharge 
must  play  an  important  role  in  the  operation  of  a  C02  TEA 
laser.  The  subsequent  sections  describe  the  properties  of 
electrical  discharges  in  general  and  how  they  relate  to 
efficient  laser  operation. 

Electrical  Discharges  in  Gases 
Townsend  Discharge 


When  a  potential  difference  is  established  between 


electrodes,  the  gas  acts  as  an  insulator  unless  the  potential 
across  the  gas  exceeds  a  specific  value--the  sparking  or 
breakdown  potential  of  the  gas  [7] .  The  type  of  discharge 
that  results  when  the  sparking  voltage  is  exceeded  depends 
on  many  factors  including  gas  pressure,  gap  distance,  and 
the  constants  of  the  external  circuit  [8] .  Figure  4  depicts 
the  typical  discharge  characteristics. 

At  voltages  below  the  sparking  potential,  V  ,  the 
discharge  is  termed  non-sustaining.  Although  lasers 
generally  operate  at  conditions  where  the  source  voltage, 

Vg,  exceeds  the  sparking  voltage,  V  .  The  theory 

in  the  Vg  <  V  regime  is  well  known  and  can  provide  insight 

into  the  desired  regime  (when  Vg  >  vsp) • 

During  a  non-sustaining  discharge,  current  flows  only 
when  there  is  a  small  initial  current,  usually  due  to  photo¬ 
electric  emission  from  the  cathode  [7] .  As  the  voltage  is 
increased,  the  current  to  the  anode  increases  as  electrons 
move  with  their  drift  velocity  [8],  As  voltage  increases 
further,  eventually  all  electrons  which  are  emitted  by  the 
cathode  reach  the  anode.  At  this  point,  further  ionization  of 
the  gas  begins.  This  is  known  as  the  Townsend  avalanche  and 
results  in  a  rapid  amplification  of  the  initial  current. 

The  growth  in  current  in  the  Townsend  avalanche  is  related  to 
the  rate  at  which  electrons  ionize  the  gas.  Since  the  number 
of  ionizations  is  related  to  the  field,  it  is  often  called 
"field  intensified  ionization"  [8],  If  I  is  the  current 


emitted  from  the  cathode  (usually  due  to  photoelectric  emis¬ 
sion)  then  the  current,  I,  reaching  the  anode  across  a  separa¬ 
tion  d  is: 


I  =  IQ  exp  (ad)  (1) 

where  a  is  the  first  Townsend  ionization  coefficient  (cm  ^ ) . 
This  equation  holds  only  as  long  as  the  currents  are  small 
enough  so  that  space  charge  does  not  distort  the  field.  The 
ionization  coefficient  represents  the  number  of  ionizing 
collisions  for  each  electron  per  unit  distance.  Naturally, 
the  number  of  ionizations  will  depend  on  both  the  field  and 
the  gas  to  be  ionized.  An  empirical  expression,  equation 
(2) ,  has  been  found  to  be  a  reasonable  estimate  of  the 
ionization  coefficient  in  a  gas  due  to  electrons  accelerated 
by  a  strong  field  [8] : 

a  =  pA  exp(-B/E/p)  (2) 

where  p  =  pressure  (torr) 

E  =  field  (V/cm) 

A, B  =  Stoletow  constants  (see  Table  1) . 

The  constants  A  and  B  of  equation  (2)  are  termed  Stoletow 
constants  and  are  functions  of  the  gas  to  be  ionized.  Table 
1  presents  the  value  of  these  constants  for  several  gases. 

To  calculate  the  amplification  of  the  current,  I/lo,  equa¬ 
tions  (1)  and  (2)  can  be  combined  as: 
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Table  1.  Stoletow  Constants  (from  [8]). 


Gas 

* , ionizations, 
cm-torr 

B (V/cm/torr) 

Range  of  E/p  Valid 
(V/cm/torr) 

Air 

14.6 

365 

150  - 

600 

o 

O 

NJ 

20.  0 

466 

500  - 

1000 

He 

2.8 

34 

20  - 

150 

Ar 

13.6 

235 

100  - 

500 
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I/IQ  =  exp (dp  A  exp (-B/E/p) 0) 


(3) 


As  ionization  increases,  the  number  of  positive  ions 
which  strike  the  cathode  begins  to  increase.  At  this  point, 
secondary  emission  effects  begin  to  supply  electrons. 

Included  in  this  are  the  electrons  released  when  posi¬ 
tive  ions  strike  the  cathode.  The  growth  of  the  current  in 
static  fields  is  usually  given  as  [7] : 


I 


I  e 
o 


ad 


1  -  y (ead  -  1) 


(4) 


where  I  =  current 

I  =  initiatory  photoelectric  cathode  emission 

a  =  first  Townsend  ionization  coefficient 

Y  =  second  Townsend  ionization  coefficient 

d  =  electrode  gap  distance 

Here  y  represents  the  production  of  secondary  electrons. 

(The  several  sources  for  these  will  be  discussed  later) .  It 
is  important  to  note  that  a  and  y  are  constants  for  a  constant 
E/p  at  a  given  p  where  E  is  the  field  strength  defined  as 
voltage/d  and  p  is  the  gas  pressure  [9].  Thus,  when 
E/p  is  fixed,  an  increase  in  voltage  is  equivalent  to 
increasing  the  spacing,  d.  Also,  when  there  is  no  secondary 
emission  (y  =  0),  equation  (4)  becomes  equation  (1). 

From  equation  (4) ,  it  appears  that  current  can  become 
infinite.  In  fact,  current  will  only  increase  until  the 
denominator  becomes  zero.  At  this  point,  the  mathematically 
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"infinite"  current  actually  sets  the  point  at  which  sparking 
occurs.  This  is  known  as  the  Townsend  Criterion  for  break¬ 
down  in  uniformly  static  fields  and  is  given  as  [7] : 

Y (ead  -  1)  =  1  (5) 

Since  a  and  y  are  fixed  for  a  given  E/p  and  p,  the  value  of 
d  which  solves  this  equation,  dg ,  provides  the  sparking 
voltage  -i.e.,  V  =  Ed  .  Above  this  voltage,  the  discharge 

S  5 

becomes  self-sustaining.  Below,  it  is  not  self-sustaining  and 
termed  a  Townsend  Discharge. 

The  actual  value  for  the  sparking  voltage  depends  on 
many  factors  (external  circuit,  electrode  spacing,  electrode 
material,  etc.)  but  is  usually  several  hundred  volts  [9], 
Because  the  first  and  second  Townsend  ionization  coefficients 
are  both  functions  of  E/p,  it  can  be  shown  that  the  sparking 
or  breakdown  voltage  is  a  function  of  pressure  times  dis¬ 
tance  [8,  9].  Known  as  Paschen's  law,  this  is  usually 
expressed  as: 


vsp  =  f(pd)  (6) 

A  plot  of  Vgp  versus  pd  has  a  distinct  minimum  known  as 

the  minimum  breakdown  potential.  Irradiation  of  the  cathode 

by  an  external  source  can  also  affect  the  value  of  V  (101. 

sp 

Experimentally,  the  difference  between  sparking  voltage  with 
and  without  irradiation  has  been  found  to  be  proportional  to 
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the  square  root  of  the  current  produced  by  the  external 
source  110] .  This  factor  provides  a  means  of  preionization 
which  will  be  discussed  shortly. 

As  can  be  seen  from  equation  (5),  both  the  first  (a) 
and  second  (y)  Townsend  ionization  coefficients  are  important 
to  breakdown  voltage.  The  first  coefficient  is  almost 
entirely  a  function  of  gas,  gas  conditions,  and  field  strength. 
The  second  ionization  coefficient,  however,  is  the  rate  at 
which  secondary  electrons  are  produced  and  consequently  is 
a  function  of  the  electrode  material  and  design  as  well 
as  the  gas  conditions.  There  are  several  secondary  emission 
mechanisms  which  may  be  important.  These  include  [7] : 

a)  positive  ions  incident  on  cathode 

b)  cathode  emission  due  to  incidence  of  photons 

c)  cathode  emission  due  to  incidence  of  excited  atoms 

d)  gas  ionization  by  positive  ions 

e)  photoionization 

The  effects  of  thermionic  and  field  emission  are  usually  not 
considered  as  secondary  breakdown  mechanisms,  although  they 
may  sustain  discharges  [7] . 

Glow  Discharge 

When  the  applied  potential  is  greater  than  the  sparking 
voltage,  as  is  the  case  for  the  laser  discharge,  the  electri¬ 
cal  discharge  beomes  self-sustaining.  At  this  point,  there 
are  two  major  classifications  of  discharges,  the  glow  dis¬ 
charge  and  the  arc  discharge. 


The  glow  discharge  is  that  region  of  the  voltage  cur¬ 


rent  characteristic  curve  marked  by  an  increase  in  current 
with  an  increase  in  voltage  (between  points  A  and  B  in 
Figures  4).  Usually  this  type  of  discharge  occurs  at  pres- 
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sures  below  atmospheric  pressure  with  currents  from  10  A 
and  up  [11].  The  four  basic  parts  to  a  glow  discharge  are 
shown  in  Figure  5.  Of  these  regions,  only  the  cathode 
dark  space  is  required  for  a  self-sustained  discharge.  Thus, 
it  is  this  area  that  must  be  examined  for  insight  into  the 
stability  of  the  glow  discharge. 

Since  the  cathode  dark  space  can  sustain  a  discharge 
without  any  of  the  other  parts  of  the  glow  discharge,  the 
conditions  necessary  for  maintaining  a  self-sustained 
discharge  must  be  met  in  this  region  alone.  In  other  words, 
each  electron  leaving  the  cathode  must  interact  with  the 
gas  in  such  a  way  as  to  cause  a  replacement  electron  to  be 
liberated.  The  cathode  dark  space  is  a  region  of  high  posi¬ 
tive  space  charge  with  a  nearly  linear  charge  distribution 
[11] .  Although  the  field  strength  is  very  high  near  the 
cathode  (4  x  10"^  V/cm)  ,  it  is  far  short  of  the  field 
necessary  to  pull  electrons  from  the  cathode.  Thus,  each 
electron  leaving  the  cathode  must  initiate  enough  ionizing 
processes  in  crossing  the  region  so  that  secondary  emission 
effects  (usually  positive  ions  striking  the  cathode)  will 
liberate  a  replacement  electron.  When  this  occurs,  the 
discharge  is  self-sustaining  with  most  of  the  voltage  drop 
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Figure  5.  Major  Parts  of  the  Glow  Discharge. 
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accounted  for  in  the  cathode  dark  space.  This  drop  is 
known  as  "cathode  fall." 

The  cathode  fall  can  best  be  understood  by  considering 
a  voltage  source,  V  ,  applied  to  a  discharge  which  is  in 
series  with  a  resistor,  R  (Figure  6).  As  discussed  before, 
the  sparking  voltage  is  a  function  of  the  pressure  distance 
product,  pd,  so  that  the  voltage  at  which  the  discharge 
initiates  is  related  to  the  gap  distance.  However,  as  the 
discharge  progress  a  space  charge  is  set  up  creating  an 
effective  anode  in  the  gas  at  a  shorter  distance  than  the  gap 
spacing  [12].  This  has  the  effect  of  lowering  the  spark 
voltage  with  the  remainder  of  the  voltage  being  dropped 
across  the  resistor  producing  the  discharge  current.  As  the 
current  grows,  the  space  charge  increases,  the  gap  decreases, 
the  voltage  is  lowered  and  the  current  increases  further. 

This  progresses  rapidly  until  the  distance  is  such  that  the 
minimum  sparking  voltage  is  reached.  Any  decrease  in  spacing 
would  now  result  in  an  increase  in  voltage  across  the 
cathode  space  charge  region,  and  a  decrease  in  current. 

Thus,  the  minimum  sparking  voltage  represents  the  cathode  fall. 

Since  the  voltage  drop  across  the  entire  discharge 
consists  of  the  sum  of  the  cathode  fall,  the  voltage  drop 
across  the  positive  column  and  a  small  voltage  drop  near  the 
anode,  the  gap  voltage,  VD,  will  not  simply  be  equal  to  the 
cathode  fall.  Rather  from  Figure  6,  it  is  clear  that 
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vs  -  VD  =  IR  (7) 

For  the  case  when  V  >  V  ,  there  will  be  a  current  flowing 

s  sp 

and  VD  <  Vg.  As  Vg  approaches  V  ,  1  approaches  zero.  Thus, 

VD  depends  on  Vg  and  is  clearly  also  a  function  of  pd. 

Figure  7  shows  this  dependence  schematically.  Measuring  the 

minimum  of  either  V  or  V_  as  a  function  of  pd  would  thus 

sp  D 

serve  as  a  measure  of  the  cathode  fall.  However,  in  practice 

Vgp  tends  to  be  independent  of  the  cathode  at  higher  pd  while 

VD  vs  pd  tends  to  be  a  very  flat  curve  [12].  Thus,  vs 

pd  provides  a  reproducible  measure  of  cathode  fall  voltage. 

Also,  it  is  possible  to  plot  V  vs  I,  which  when  extrapolated 

s 

to  I  =  0,  V  approaches  V  and  represents  the  cathode  fall, 
s  u 

Once  the  cathode  fall  is  established,  an  increase  in 
current  would  seem  to  require  an  increase  in  this  voltage. 

This  is  avoided  by  having  the  discharge  spread  across  the 
cathode  keeping  the  current  density  constant  producing  what 
is  termed  a  "normal"  glow  discharge  [11].  Once  the  entire 
surface  is  covered,  the  current  density  must  increase  with 
increasing  current  and  an  "abnormal"  glow  is  obtained. 

The  thickness  of  the  cathode  dark  space  and  the  cathode 

* 

fall  are  also  constant  in  the  normal  glow  discharge  for  a 
given  cathode  material  and  discharge  gas  [11].  The  relation¬ 
ship  to  gas  and  cathode  material  is  to  be  expected  since  all 
of  these  are  related  to  the  tendency  for  the  gas  to  ionize 
and  the  ease  at  which  positive  ions  can  induce  the  cathode 
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Figure  7.  Paschen  Law  Curve  for  Sparking  Voltage  and  Discharge 
Voltage. 
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to  release  electrons.  Typical  values  of  cathode  fall  for 
common  cathodes  and  gases  are  shown  in  Table  2. 

For  the  normal  glow  discharge,  the  cathode  dark  space 
thickness  (dn)  and  pressure  (p)  are  related  as: 

pdn  =  c  (8) 

where  c  is  a  constant  [8,  9,  11].  Values  for  c  vary  with  gas 
composition  and  cathode  material.  Table  3  provides 
a  partial  list  of  these  values.  Also  for  the  normal  glow 
discharge,  the  current  density  (J^)  is  proportional  to  the 
square  of  the  pressure  as: 

Jn  =  kp2  (9) 

where  k  is  the  constant  of  proportionality  [8,  9,  11]. 

2 

Table  4  presents  values  for  Jn/p  •  The  cathode  fall  for  a 
normal  discharge,  like  the  current  density  and  the  dark  space 
distance,  depends  on  the  efficiency  of  the  cathode  for  pro¬ 
ducing  electrons  when  struck  by  positive  ions.  Thus,  it  is 
not  surprising  that  cathode  fall  can  be  related  with  high 
correlation  directly  to  the  cathode  work  function  (for  any 
given  gas) . 

All  of  the  values  shown  in  Tables  2,  3,  and  4  are  only 
average  values.  Discrepancies  occur  because  of  the  difficulty 
in  measurement  as  well  as  in  the  experimental  control.  Gas 
impurities,  for  example,  affect  greatly  the  values  observed 
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Table  2.  Cathode  Fall  (Volts)  (from  [8]). 


Cathode 

Air 

Ar 

He 

h2 

Ne 

N2 

co2 

hi 

229 

100 

140 

170 

120 

180 

- 

Cu 

370 

130 

177 

214 

220 

208 

460 

Fe 

269 

165 

150 

250 

150 

215 

- 

Mo 

- 

- 

- 

- 

115 

- 

- 

W 

- 

- 

- 

- 

125 

- 

- 
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[11] .  Most  importantly,  these  relationships  are  for  the 
normal  discharge  region.  In  the  abnormal  glow  regime,  the 
cathode  fall  increases  very  rapidly  with  increased  current 
or  pressure,  while  the  thickness  of  the  dark  space  region 
decreases  [11].  For  plane  cathodes,  in  common  gases,  the 
abnormal  cathode  drop  can  be  given  as  [8,  11]. 


V 


a 


E  + 


f/j 

P 


(10) 


where :  V  =  the  abnormal  cathode  drop 

a 

J  =  the  current  density 
p  =  the  pressure 

E , F  =  constants  which  depend  on  the  gas  and  cathode. 
Likewise  the  dark  space  thickness  in  the  abnormal  glow 
(d  )  is  given  by  [8,  11] : 

cl 


d 


a 


A 
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where  A  and  B  are  constants  which  depend  on  the  gas  and 
cathode.  The  experimental  values  may  be  altered  by  the 
generation  of  heat  near  the  cathode  region  [8]. 

Arc  Discharge 

The  voltage  drop  in  a  glow  discharge  is  on  the  order 
of  the  breakdown  voltage  [111.  Once  the  cathode  is  completely 
covered  (abnormal  glow) ,  the  current  density  increases  with 
the  discharge  current.  The  voltage  also  increases  [8]. 

At  some  critical  point,  the  discharge  changes  from  a  glow  to 
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an  arc  resulting  in  a  sudden  increase  in  current  density 
at  the  cathode  [8].  The  potential,  VD  is  now  usually  not 
more  than  10  to  20  volts  [11].  This  corresponds  to  the  region 
between  points  C  and  D  on  Figure  4.  The  maintenance  of  the 
discharge  with  such  a  low  potential  requires  a  change  in 
electron  emission  processes  at  the  cathode.  For  refractory 
materials,  the  increase  in  temperature  during  the  abnormal 
glow  regime  will  become  sufficient  to  promote  thermionic 
emission  [8,  11].  For  low  melting  cathodes,  it  has  been 
suggested  that  field  emission  due  to  formation  of  a  dense 
sheet  of  positive  ions  near  the  cathode  is  responsible  for 
the  increase  in  electrons. 

The  glow  to  arc  transition  can  be  induced  either  by 
increasing  the  current  at  a  constant  pressure  or  by  increasing 
the  pressure  at  constant  current  [8],  Irregularities  at  the 
cathode  surface  will  cause  the  formation  of  arcs  at  the  point 
where  the  field  is  the  highest.  Also,  low  work  function 
impurities  will  permit  glow-arc  transition  even  from  a  normal 
glow  discharge  [8]. 

The  voltage-current  characteristics  in  an  arc  are  not 
typically  linear  [11] .  This  is  because  of  the  dynamic  nature 
of  the  conditions  in  the  arc  including  temperature,  ion  den¬ 
sity  and  electron  energy.  Only  when  the  current  is  changed 
very  slowly  is  the  static  voltage-current  curve  (Figure  4) 
followed  exactly.  A  complete  discussion  of  the  behavior  of 
arcs  can  be  found  in  reference  [11]. 
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TEA  Lasers 

For  operation  of  a  molecular  laser,  high  discharges 
must  be  uniform,  large  in  volume  and  stable;  should  have 
the  appropriate  mean  electron  energy  (related  to  E/p)  to 
excite  the  desired  vibrational  states;  and  should  have  a  high 
current  density  in  order  to  achieve  a  high  population  inver¬ 
sion  in  a  short  time  [3].  Unfortunately,  uniform  excitation 
of  gases  at  elevated  pressures  is  difficult.  A  low-pressure 
glow  discharge  changes  characteristics  as  pressure  is 
increased,  and  at  about  50  torr,  the  glow  transitions  to  an 
arc.  Arc  discharges  are  not  suitable  for  efficient  excitation 
of  molecular  lasers  [3].  Clearly  TEA  laser  conditions  favor 
arc  rather  than  glow  discharge  [13,  14].  Despite  these 
inherent  problems  much  effort  has  been  expended  to  achieve 
stable  high  pressure  TEA  CC>2  lasers. 

Conventional  TEA  Lasers 

Although  prior  work  had  been  done  on  the  TEA  CC>2  laser, 
Smith,  et  al.  [6]  were  the  first  to  combine  this  type  laser 
with  the  main  features  of  the  waveguide  laser.  Their  wave¬ 
guide  had  a  1  mm  square  cross  section  and  was  6  cm  in  length. 
The  cathode  was  a  solid  copper  block,  while  the  anodes  were 
thin  (2  pm)  copper  strips  located  on  a  fused  quartz  substrate. 
The  sidewalls  were  fused  quartz  slabs  with  polished  sides. 
Their  discharge  circuitry  involved  simultaneously  discharging 
individual  capacitors  of  1 00  ppF  attached  to  each  single  anode 
strip.  The  capacitors  were  charged  initially  to  1.5  kV. 


Charging  was  accomplished  by  means  of  a  silicon-controlled 
rectifier.  The  peak  current  had  an  adjustable  time  duration 
from  1-10  ysec  second  was  typically  1-2  (given  as  the  sum 
of  the  individual  discharge  currents).  A  mixture  of  CC^/ 

N2  and  He  was  passed  through  at  "high"  (not  given  quantita¬ 
tively)  flow  rates.  When  the  device  was  operated  at  about 
400  Hz  repetition  rate,  the  discharge  was  more  diffuse. 

This  was  attributed  to  "preionization"  of  the  laser  by  the 
previous  discharge  pulse.  Smith,  et  al.  felt  that  the  wave¬ 
guide  TEA  laser  offers  the  greatest  opportunity  for  uniform 
discharge  and  minimum  tendency  to  degenerate  into  arcs. 

In  later  work,  using  a  very  similar  device.  Smith, 
et  al.  [15]  operated  at  repetition  rates  of  up  to  40  k  Hz 
using  a  thyratron  pulser.  They  found  that  their  device 
operated  as  a  quasi  CW  device  since  gain  persisted  for  a 
period  of  time  after  termination.  The  tests  were  run  up  to 
1/3  of  an  atmosphere.  The  peak  discharge  current  (total  for 
all  strips)  for  their  device  was  15  A  using  pulse  widths  of 
1  y  second  at  3  kV  charging  voltage.  By  increasing  the 
nitrogen  content  of  the  lasing  gas,  the  duration  of  lasing 
could  be  prolonged,  at  the  expense  of  peak  laser  power. 

One  of  the  most  comprehensive  discussions  on  the  limi¬ 
tations  of  the  waveguide  C02  laser  came  out  of  work  by 
Papayaonou  at  the  U.S.  Army  Electronics  Command  [16,  17]. 

The  laser  used  in  these  investigations  is  shown  schematically 
in  Figure  8.  For  CW  operation,  each  anode  resistor  had  a 


1.5  Mft  ballast  resistor  to  help  maintain  a  stable  CW  dis¬ 
charge  at  higher  pressures.  The  CW  experiments  were  conducted 
with  a  closed  cycle  system  with  gas  flow  dwell  times  as  short 
as  0.4  ms.  The  best  results  were  at  these  higher  flow  rates. 
Visual  observation  of  the  discharges  revealed  a  conical  shaped 
luminous  region  with  the  anode  as  the  vertex  and  the  cathode 
as  the  base.  As  pressure  increased  to  between  100-200  torr 
the  discharge  contracted  radially  and  changes  in  cathode 
cooling,  gas  flow  or  gas  mixture  could  not  alter  this  contrac¬ 
tion.  Reversing  the  anode  and  cathode  did  not  improve  the 
discharge.  At  currents  between  0.5  and  1.0  mA,  a  negative 
discharge  resistance  of  7  kft  was  observed.  Apparent  gains 
between  3  and  5  percent  were  measured  for  pressure  between 
80  and  250  torr  at  the  near  optimum  discharge  current  of 
30  mA  (0.75  mA/slab) .  Visual  observations  of  the  pulsed  dis¬ 
charge  were  similar.  Optimum  pressure  for  laser  operation 
was  higher  when  open  flow  was  used  with  70  to  85  torr  optimum 
for  the  55/28/17  mixture  of  He/COj/Nj  while  110  to  125  torr 
was  optimum  for  80/12/8.  Laser  power  was  reduced  when  water 
cooling  of  cathode  was  eliminated. 

Papayaonou  asserts  that  even  when  the  discharge  was 
restricted  to  a  glow  discharge  by  ballast  resistors,  the  close 
spacing  of  the  electrodes  (1.6  mm)  did  not  allow  adequate 
length  for  discharge  to  expand  and  meet  the  sidewalls.  Also, 
in  CW  discharges,  the  cathode  fall  is  a  large  percentage  of 
the  voltage  across  the  electrode  (estimated  to  be  between  35 
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and  82  percent  of  the  total  voltage).  Thus,  at  low  pressures, 
most  of  the  energy  is  lost.  At  higher  pressures,  the  contrac¬ 
tion  of  the  column  becomes  important.  Papayaonou  also  cal¬ 
culated  (using  values  taken  from  [8])  that  very  large  power 
densities  are  placed  into  the  waveguide  resulting  in  high  gas 
temperatures.  The  heating  of  the  gases  reduces  gain  and 
creates  anisotropy  in  the  index  of  refraction.  Furthermore, 
for  pulsed  discharges,  where  the  average  current/slab  is 
125-250  mA,  the  discharge  becomes  an  abnormal  glow.  This 
further  increases  the  energy  deposited  into  the  cathode  area. 
Papayaonou  suggested  that  if  the  Townsend  Second  ionization 
coefficient  of  the  cathode  could  be  increased,  larger  current 
densities  could  be  used  while  still  maintaining  a  c^low  dis¬ 
charge.  This  would  reduce  the  amount  of  heating  in  the 
cathode  region.  The  Malter  effect  (discussed  in  a  later  sec¬ 
tion)  was  suggested  as  a  possible  solution.  In  addition,  the 
current  density  could  be  reduced  by  increasing  the  uniformity 
of  the  anode  discharge.  This  could  be  done  by  increasing  the 
number  of  anode  slabs  per  unit  length. 

In  another  effort  for  the  U.S.  Army,  Mocker,  et  al. 

[18]  reviewed  the  current  state  of  the  art  in  TEA  waveguide 
lasers.  From  this  review,  they  attempted  three  different 
waveguide  configurations,  a  relaxation  oscillation  design,  a 
solid  electrode  waveguide  laser,  and  a  multi-pin  waveguide 
laser.  Of  major  interest  are  the  second  two  designs.  Their 
waveguide  consisted  of  two  copper  electrodes  with  quartz 


slabs  as  the  sidewalls.  High  voltage  pulses  were  applied  by 
means  of  a  triggered  thryatron.  Initial  results  showed  a 
strong  preference  for  arcing  at  the  ends  of  the  electrodes, 
even  at  low  pressure.  At  high  pressure  only  arcing  was 
observed.  The  electrodes  were  cleaned,  smoothed,  then  uni¬ 
formly  roughened  and  there  was  a  marked  reduction  in  arcing. 
(This  confirms  the  work  of  Karasiko  and  Shamin  [19]  who 
found  that  uniformly  roughened  electrodes  were  an  improvement 
over  smooth  electrodes.)  Arcing  at  low  pressure  (50  torr) 
occurred  only  occasionally,  increasing  as  the  voltage  was 
raised  above  5  kV.  As  pressure  was  increased,  arcing 
increased  as  well.'  Examination  of  the  electrodes  showed  a 
brownish  discoloration  where  the  strong  arciiUj  had  occurred. 

A  multi-pin  configuration  was  also  tested.  In  this 
approach,  75  tungsten  pins  0.004  inches  thick  were  used  with 
each  pin  connected  to  a  load  resistor.  The  uniformity  of  the 
discharge  was  good  at  76  torr  although  individual  filaments 
for  each  pin-slab  did  exist.  At  280  torr,  the  uniformity  was 
also  good  although  at  390  torr,  individual  arcing  took  place. 
When  the  charging  capacitance  was  reduced  to  2.5  nF  (from 
15  nF)  uniform  excitation  could  be  achieved  at  450  torr. 

At  atmospheric  pressure,  individual  arcs  existed. 

Preioni 2ed  TEA  Lasers 

Much  of  the  arcing,  non-uniform  discharges  and  low  gain 
reported  are  due  in  part  to  the  fact  that  the  fields  required 
to  provide  a  discharge  at  high  pressure  are  far  greater  than 
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the  optimum  field  {actually  E/p)  for  laser  excitation. 

However,  it  is  possible  to  lower  the  potential  required  for 
sparking  by  creating  ions  in  the  gas.  It  was  shown  by 
White  in  1935  [20]  that  the  sparking  potential  is  lowered 
when  intense  ultraviolet  light  is  incident  on  the  cathode. 

This  was  attributed  to  the  release  of  electrons  which  subse¬ 
quently  created  positive  ions.  This  concept  has  been  greatly 
extended  and  leads  directly  to  the  process  of  preionization- 
the  separation  of  the  charge  carriers  in  the  discharge  from 
the  magnitude  of  the  applied  field.  This  allows  E/p  to  be 
optimized  independently  from  the  breakdown  voltage. 

One  of  the  most  common  techniques  for  preionization  is 
the  use  of  two  separate  discharges.  Laflamme  [21]  was  one 
of  the  first  to  employ  this  "double  discharge"  technique 
successfully.  In  his  work,  he  used  two  consecutive  discharges 
one  to  provide  a  source  of  electrons  and  one  for  the  main 
discharge.  Figure  9.  The  flat  grid  wire,  G,  is  a  common 
electrode  to  both  discharges.  Electrode  T  (the  "Trigger 
electrode")  is  very  close  to  G  and  is  covered  with  a  dielec¬ 
tric  material.  The  third  electrode,  S,  is  at  a  larger  dis¬ 
tance  from  G  than  is  T.  As  G  is  pulsed,  the  field  between 
G  and  T  grows  faster  than  S  and  G,  causing  a  discharge  to 
start  earlier.  Although  the  current  is  small,  the  main  dis¬ 
charge  between  G  and  S  profits  from  the  free  electrons  left 
in  the  vicinity  of  G. 

While  the  others  have  employed  different  electrode 
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configurations,  the  principle  of  the  double  discharge  remains 
the  same.  References  [13]  and  [22]  through  [28]  as  well  as 
those  discussed  in  detail  below  all  use  this  type  of  preioni¬ 
zation.  An  extensive  review  of  work  in  this  area  can  be 
found  in  references  [2]  and  [3].  In  most  of  the  efforts, 
a  high  voltage  discharge  provides  the  ionization  while  a 
second,  lower  voltage  discharge  provides  the  field  for 
inducing  laser  action.  Because  the  high  voltage  discharge  is 
much  shorter  than  the  low  voltage  discharge,  only  a  small 
percentage  of  the  total  discharge  energy  goes  into  preioni¬ 
zation.  Yet  enough  ionization  is  achieved  such  that  the 
breakdown  energy  is  lowered  significantly.  Most  of  the  com¬ 
plications  with  this  technique  come  from  the  problem  cf 
switching  the  several  kilovolts  required  for  preionization 
while  keeping  the  timing  in  the  microsecond  range. 

Perhaps  the  best  illustration  of  the  preionization 
phenomenon  is  given  by  Jain,  et  al.  [29].  In  their  work,  they 
used  a  100  n-sec  high  voltage  pulse  followed  by  an  18  psec 
"DC"  low  voltage  pulse  of  opposite  polarity.  A  single  pin 
(0.5  nun  dia.)  was  used  as  the  preionization  cathode  with  solid 
copper  as  the  cathode  for  the  18  psec  pulse.  A  9.8  kft 
ballast  resistor  was  used  in  the  circuit  to  limit  the  current. 
They  found  that  the  short  pulse  behaved  as  an  arc  creating 
enough  ionization  to  allow  the  reverse  polarity  discharge  to 
establish  a  glow  across  the  gap.  Figure  10  depicts  how  the 
auLhors  were  able  to  control  E/p  by  selection  of  the  proper 
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Figure  10.  Peak  DC  (18  Msec  pulse)  Cui 
DC  Voltage  for  Various  AC  ( 
(from  [29]). 
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high  voltage  pulse.  Of  the  preionization  cathodes  tested, 

Fe,  Ca,  Ta,  and  W  were  particularly  promising. 

Many  other  efforts  before  and  after  Jain  have  also 
used  the  "double  discharge"  technique  for  providing  preioni¬ 
zation.  Wood,  et  al.  [4]  used  a  20  nsec  duration  pulse 
followed  by  a  longer  pulse  of  opposite  polarity.  Aluminum 
was  used  as  the  cathode  for  the  preionization  source,  with 
the  anode  polished  copper.  The  laser  gas  was  0.5/0. 3/3, 
CC^/N^/He  flowing  at  1  £/min  with  pressure  of  145  torr. 

Assuming  a  cathode  fall  of  460  V,  the  voltage  across  the  posi¬ 
tive  column  was  calculated  to  be  50-100  volts,  resulting  in  a 
E/p  value  of  3. 4-6. 9  V/cm  torr.  This  is  considered  to  be  well 
below  that  necessary  to  initiate  glow  discharge  in  the 
absence  of  the  preionization,  but  optimum  for  the  C02  lasing. 
They  attributed  the  high  preionization  to  secondary  emission 
from  the  aluminum  cathode  probably  due  to  the  "Malter  effect" 
from  the  oxide  layer  on  the  cathode. 

Smith,  et  al.  [30]  evaluated  the  role  of  E/p  in  the 
waveguide  TEA  laser.  They  used  a  short  "ac"  preionization  with 
a  longer  "DC"  excitation.  Their  laser  consisted  of  a  bottom 
wall  of  polished  copper  with  glass  slabs  (polished  edges)  as 
the  sidewalls.  Metal  wires  through  0.75  mm  holes  in  the  lava 
top  wall  formed  the  other  electrode.  The  preionization  pulse 
had  a  duration  of  100  nsec,  while  the  main  "DC"  source  had 
pulses  of  20  nsec.  They  found  that  the  long  pulse  rapidly 
established  a  cathode  fall  of  approximately  350  V  in  a  region 
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less  than  100  pm  above  the  DC  cathode  (Cu  block) .  Because 
of  the  small  electrode  spacing  (2.0  mm),  a  large  fraction  of 
the  total  voltage  drop  was  in  the  cathode  fall  region, 
resulting  in  a  high  dissipation  of  electrical  power  in  this 
region.  Two  detrimental  consequences  were  loss  in  efficiency 
due  to  the  loss  of  energy  in  the  region  and  heating  of  gas  near 
the  cathode  which  limits  the  gain  of  the  laser.  The  fraction 
of  the  energy  which  gets  into  the  positive  column,  F,  was 
defined  as: 


F 


Ed 

V  +  Ed 
c 


(12) 


where:  E  =  the  field  in  the  positive  column 

d  =  the  spacing  between  electrodes 
Vc  =  the  cathode  fall  voltage 

Thermal  saturation  of  the  laser  (when  thermal  effects  negate 
the  population  inversion)  occurs  at  300  J/it-atom,  so  that 
the  energy  at  saturation  is  300  F  (J/ji-atom)  in  the  positive 
column.  Clearly  as  E/p  increases,  the  energy  at  which  satura¬ 
tion  occurs  must  increase.  But,  for  the  gas  mixture  1/0.5/ 

4.4  of  C as  E/p  increased  from  4  to  8  V/cm-torr, 
the  efficient  excitation  of  the  CC^  molecules  decreased. 

Smith,  et  al.  found  that  that  could  make  use  of  the  higher 
thermal  saturation  value  if  a  mixture  of  1/1/3;  COj/Nj/He 
was  used.  Their  results  indicate  that  the  maximum  gain  for 
this  mixture  is  around  8.5  V/cm-torr.  Difference  between  Al, 
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Ta,  and  Cu  preionization  electrodes  were  within  experimental 
error.  Based  on  their  work,  they  recommend  that  large  wave¬ 
guide  bores  (v2  mm)  should  be  used  to  minimize  cathode  fall 
effects.  Also,  operation  should  be  at  the  highest  E/p  con¬ 
sistent  with  efficient  excitation. 

Dyer  and  James  [31]  also  found  that  preionization  was 
necessary  for  production  of  a  high-energy  density  discharge. 
Pulsed  discharges  at  high  pressure  passed  through  a  glow 
phase  prior  to  the  formation  of  a  constricted,  highly  conduc¬ 
tive  channel.  Arc  formation  was  marked  by  large  amplitude 
oscillations  in  current  and  voltage  waveforms,  a  result  of 
the  rapid  change  in  loading  provided  by  the  discharge. 

Another  preionization  technique  has  been  the  use  of  a 
high  energy  electron  beam  to  directly  supply  the  electrons. 

Two  efforts  from  Las  Alamos  Scientific  Laboratories, 
Fernstermacher,  et  al.  [32]  and  Stratton,  et  al.  [33],  pro¬ 
vide  the  best  examples  of  this  type.  Here,  the  electrons  were 
produced  by  a  hot-cathode  electron  gun  and  were  accelerated 
through  a  0.001  inch  Al  vacuum  window  foil  by  application  of 

a  150  kV,  10  ysec  voltage  pulse.  The  authors  "injected"  an 

2 

electron  current  of  5  A  (0.033  A/cm  )  into  the  gas  and  were 
able  to  sustain  a  discharge  at  600  torr  with  only  3.5  kV 
across  the  10  cm  gap. 

There  is  a  distinct  difference  between  the  use  of  an 
electron  beam  to  sustain  a  discharge  and  true  preionization 
discussed  above.  In  most  of  the  electron  beam  sustained 
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discharges,  the  current  amplification  comes  from  energy  of 
the  beam  itself.  The  CW  fields  are  kept  low  so  that  field 
intensified  ionization  does  not  occur.  This  prevents  run 
away  current  growth  and  arcs.  However,  the  amplified  current 
pulse  coincides  exactly  with  the  electron  beam  pulse.  In 
the  double  discharge  techniques,  the  ions  produced  by  the 
first  discharge  are  accelerated  by  the  field,  causing  an 
increase  in  current  and  secondary  emission.  These  discharges 
then  became  self-sustaining  even  after  the  initial  discharge 
is  through.  This  technique  is  not  done  with  CW  fields,  as 
arcs  would  develop.  In  fact,  when  the  fields  used  in  a 
e-beam  sustained  lasers  are  increased,  arcing  becomes  a 
problem  unless  these  fields  are  also  pulsed  [3]. 

Other  methods  for  achieving  improvement  in  discharge 
characteristics  are  not  well  understood,  nor  as  successful. 
One  such  technique  is  using  the  "Malter  Effect."  It  was 
found  [34]  that  thin  oxide  films  will  aquire  a  positive 
charge  during  positive  ion  bombardment.  This  creates  an 
intense  field  in  the  film  which  ionizes  electrons  that  are 
then  accelerated  by  the  field.  At  higher  currents  field 
emission  may  predominate  making  the  current  independent  of 
the  gas  pressure  [7].  Also,  as  discussed  previously,  uni¬ 
formly  roughened  electrodes  seem  to  eliminate  random  surface 
perturbations  and  stabilize  the  electrical  discharge  [19] . 

The  use  of  low  ionization  additives  has  also  been  known  to 
be  effective  [38].  Still  others  have  used  current  limiting 
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techniques  such  as  high  resistance  electrodes  or  large  series 
resistors  in  order  to  maintain  a  glow  discharge  [36,  37,  38]. 
Unfortunately,  this  technique  results  in  a  large  loss  of 
power  due  to  the  resistive  losses. 

Field  Emission  from  Oxide-Metal  Composites 

It  is  very  likely  nat  unidirectionally  grown  oxide- 
metal  composites  can  offer  a  technique  for  supplying  a  uniform 
source  of  electrons  through  field  emission  and  thus,  these 
composites  may  offer  a  solution  to  the  type  of  problems 
which  plague  TEA  CO^  laser  operation.  This  section  presents 
a  description  of  the  composites  and  their  field  emission 
characteristics. 

Field  Emission 

Field  emission  is  the  process  of  electron  emission 
from  a  metal  or  a  semiconductor  into  vacuum  owing  to  the  pre¬ 
sence  of  a  high  electrical  field  at  the  surface.  These  free 
electrons  "tunnel"  through  the  metals  surface  potential  when 
the  latter  is  thinned  by  the  high  field.  A  great  many 
references  provide  details  on  the  theory  of  field  emission 
and  the  theoretical  analysis  presented  below  [39,  40]. 

The  theoretical  analysis  which  is  most  often  used  to 
describe  field  emission  is  the  Fowler-Nordheim  equation.  This 
equation  was  derived  by  calculating  the  thinning  of  the 
potential  barrier  for  an  applied  field  and  the  tunnelling 
through  that  barrier.  The  details  of  that  derivation  are  not 
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presented  here,  but  lead  to  the  following  equation: 


ap2  3/2 

J  =  exp  (■■  -g — )  f  (y)  (13) 

2 

where:  J  =  field  emission  current  density  (A/cm  ) 

E  =  electrical  field  at  surface  (V/cm) 

<t>  =  work  function  (electron  volts) 
y  =  shottkey  lowering  of  work  function  barrier 
(y  =  3.79  x  10~4E1/2/<p) 

f(y)#t(y)  =  computed  elliptical  functions  (see  [39]) 

A,  B  =  combined  physical  constants  with  numerical  value 
of  1.54  x  10  6  and  6.83  x  107,  respectively. 

For  the  purpose  of  this  work,  the  important  factor  to 
realize  is  that  the  high  fields  which  permit  the  oxide  metal 
composites  to  be  field  emitters  are  created  by  a  field  enhance¬ 
ment  at  the  very  small  tips  of  the  metal  pins.  This  enhance¬ 
ment  can  be  related  to  a  geometrical  factor  6  defined  as 

6  =  1/r  (14) 

where  r  =  the  radius  of  the  pin  tip.  This  enhancement  factor 
6  then  can  be  used  to  relate  the  voltage  applied,  V,  to  the 
field,  E,  as: 


E  =  SV  (15) 

2 

Combining  equations  (13)  and  (15)  ,  dividing  by  V  ,  and  taking 
the  log  of  both  sides  puts  the  Fowler-Nordheim  equation  in  the 
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form: 


log  J/V2  =  A  -  B/V2 


where  V  is  the  voltage  applied.  This  equation  is  a  straight 
line  where  the  slope  and  intercept  are  functions  of  the  work 
function,  4>,  and  the  geometric  parameter,  6. 

Another  way  of  relating  enhancement  to  the  voltage  is 
to  use  a  dimensionless  field  enhancement  factor,  y,  as 


E  =  yE, 


where:  E  =  the  enhanced  field 

Ea  =  the  applied  field 

Creating  the  fields  required  for  field  emission 
(3  x  107  V/cm)  is  not  feasible  unless  6  (or  y)  is  large. 

Usually,  narrow  wire  tips  are  used.  However,  at  the  Georgia 
Institute  of  Technology,  work  has  been  underway  for  several 
years  using  unidirectionally  grown  oxide-metal  composites  as 
field  emitters  [41].  These  composites  will  be  discussed  next. 
Oxide-Metal  Composites 

Although  the  growth  of  many  oxide  metal  composites 

have  been  attempted,  the  two  which  have  shown  the  most  promise 

are  Gd203-Ce2®3~Mo  and  UC^-W.  (The  growth  of  unidirectional 

composites  is  presented  in  Appendix  A.)  The  results  of  the 

unidirectional  growth  process  is  a  structure  consisting  of 

an  oxide  matrix  with  single  crystal  metal  pins.  The  pin 

6  7  2 

densities  of  these  composites  range  from  10  -  10  pins/cm 
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with  pin  diameter  of  3000-4000  A.  Because  of  the  arrangement 
of  pins,  the  composites  would  be  expected  to  act  much  like 
the  multipin  electrodes  described  previously.  But,  with  the 
large  number  of  pins,  the  potential  for  uniformity  of  the  dis¬ 
charge  is  far  greater  with  the  composites.  Perhaps  a  more 
signifies  advantage  of  the  composites  is  that  the  pins  can 
be  lengthened  and/or  pointed  so  that  an  optimum  geoemtry  for 
field  emission  can  be  achieved,  Figure  11.  Ohlinger  [39] 
using  fields  on  the  order  of  105  V/cm,  measured  field  emis¬ 
sion  from  pointed  exposed  pin  UC^-W  composites  as  high  as 
1. 2  A/cm^. 

The  second  promising  use  of  the  unidirectionally 
grown  composites  is  as  a  low  voltage  field  emission  electron 
source  for  preionization.  Figure  12  shows  an  example  of  the 
low  voltage  field  emitter  (LVFE)  developed  at  Georgia  Tech 
[41],  (The  details  of  manufacture  are  summarized  in 
Chapter  III.)  When  the  extractor  is  grounded  and  a  negative 
voltage  put  on  the  pins,  the  small  diameter  hole  and  sharp 
pins  lead  to  high  fields  at  the  tip.  These  fields  have  been 

O 

estimated  to  be  as  high  as  10  V/cm  at  the  tip  of  the  pointed 

pins  when  only  100  V  is  applied  [40],  When  emitting  areas 

-4  2 

on  the  order  of  1  x  10  cm  are  used,  emission  current  den- 

o  2 

sities  as  high  as  30  A/cm  have  been  reported  [40], 
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CHAPTER  III 

PROCEDURE 

The  research  conducted  in  this  study  was  divided  into 
two  areas.  In  the  first,  unidirectionally  grown  composites 
were  tested  as  electrodes  for  CO2  TEA  lasers.  Polished  and 
exposed  pin  composite  electrodes  were  fabricated  and  tested 
for  cathode  fall  uniformity  and  stability.  Comparisons 
of  these  discharge  properties  with  those  of  an  aluminum  elec¬ 
trode  were  made.  In  the  second  area.  Low  Voltage  Field 
Emitters  ( LVFE )  were  examined  as  an  electron  source  for  con¬ 
trol  and/or  preionization  of  a  gas  discharge.  Included  in 
this  examination  was  an  evaluation  of  high  pressure  emission, 
the  use  of  emission  to  control  gas  discharges,  and  the  surviv¬ 
ability  of  the  emitters  in  the  high  pressure  environment. 

This  section  provides  details  on  the  test  apparatus, 
electrode  fabrication  and  testing  for  both  areas  described 
above . 


Unidirectional  Composite  Electrode 
Discharge  Test  Apparatus 

The  electrical  and  visual  discharge  characteristics  of 
the  composite  electrodes  were  evaluated  using  a  flow  system, 
Figure  13,  consisting  of  a  glass  T  into  which  the  discharge 
assembly,  Figure  14,  could  be  inserted.  The  water  cooled 
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copper  block  served  as  a  base  for  a  stainless  steel  plate 
electrode.  The  composite  in  this  configuration  rested  on  top 
of  glass  sidewalls  which  provided  both  the  channel  for  the 
gas  flow,  and  the  anode-cathode  spacing  for  the  discharge. 

A  pair  of  1  mm  microscope  slides  or  3  mm  plate  glass  slabs 
were  used  as  sidewalls  for  most  tests.  The  sides  of  these 
glass  pieces  were  polished  so  that  the  discharge  could  be 
observed.  Electrical  connection  to  the  composite  electrode 
was  made  using  a  wire  silver  pasted  to  the  back  of  the  com¬ 
posite  and  spot  welded  to  an  aluminum  bar  which  passed  through 
the  plexiglass.  Electrical  contact  to  the  copper  was  made 
through  the  water  cooling  tubes.  The  discharge  assembly  was 
designed  so  that  the  composite  electrode  would  be  centered  in 
the  glass  T.  The  port  at  the  stem  of  the  discharge  was  closed 
with  a  clear  plexiglass  disc  to  allow  observation  of  the 
discharge. 

The  gas  used  throughout  the  composite  electrode  testing 
was  a  laser  gas  mix  of  12.5%  N2,  12.5%  CO^t  75%  He.  The  gas 
flow  system  used  for  the  discharge  tests.  Figure  13,  provided 
a  flow  from  a  regulated  gas  cylinder,  through  a  flow  meter, 
into  the  discharge  chamber,  and  finally  evacuating  into  a 
vacuum  pump.  The  pressure  on  the  downstream  side  of  the  flow 
meter  was  kept  at  atmospheric  pressure  to  ensure  that  the  flow- 
rate  readings  would  be  valid.  This  pressure  was  monitored 
with  a  barometer  (Pi).  A  value  (V2)  provided  the  pressure 
drop  between  atmospheric  pressure  and  the  desired  chamber 
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pressure.  A  second  barometer  (P2)  was  used  to  monitor  the 
chamber  pressure.  Finally,  a  value  (V3)  upstream  from  the 
vacuum  pump  throttled  the  vacuum  pump  to  equilibrate  evacua¬ 
tion  rate  with  flow  rate.  The  operation  characteristics  of 
this  system  were  limited  by  the  volume  of  gas  the  vacuum  pump 
could  handle.  However,  the  limitation  was  not  severe. 
Composite  Electrode  Fabrication 

In  the  discharge  tests,  one  electrode  was  always  a 
stainless  steel  plate  polished  to  a  1  pm  finish.  The  elec¬ 
trode  was  either  an  aluminum  control  electrode  or  a  unidirec- 
tionally  solidified  composite  test  electrode.  The  growth  and 
properties  of  the  two  composites,  U02~W  and  Gd203-Ce20.j-Mo 
have  previously  been  discussed.  This  section  details  prepara¬ 
tion  of  experimental  composite  electrodes  starting  with 
composite  slices  cut  perpendicular  to  the  metal  fiber  axes. 

Slices  of  these  composites  2-4  mm  thick  were  core 
drilled  in  a  crack  free  area  to  form  a  cylinder  8.2  mm 
(0.325  in)  in  diameter.  A  matching  hole  was  then  drilled  in 
a  1  mm  thick  alumina  substrate  and  the  composited  was  mounted 
into  the  substrate  with  epoxy  so  that  the  front  surface  of 
the  composite  was  flush  with  the  alumina.  Figure  15.  After 
curing  the  epoxy  for  24  hours  at  room  temperature,  the  com¬ 
posite-alumina  electrodes  were  ground  sequentially  with  180, 
320,  and  600  grit  silicon  carbide  paper.  In  most  tests  the 
final  polish  was  with  1  pm  diamonds  paste.  However,  in  some 
tests  an  additional  0.3  pm  A1203  polishing  was  performed.  To 


prepare  the  aluminum  control  electrode,  an  aluminum  rod  2  cm 
long  machined  to  the  desired  8.2  mm  diameter  was  epoxied  into 
the  aluminum  substrate  and  polished  to  a  1  pm  finish  as 
described  above. 

Up  to  this  point,  preparation  of  both  composition 
composite  electrodes  were  identical.  However,  for  tests 
requiring  exposed  pins,  it  was  necessary  to  preferentially 
etch  the  composites  and  this  process  was  different  for  the 
two  types . 

Concentrated  sulfuric  acid  will  dissolve  the  oxide 
matrix  of  the  Gd202~Ce20^-Mo  composite  while  leaving  the  metal 
pins  unetched  [42].  Thus,  Mo  pins  of  this  composite  were 
exposed  by  etching  the  polished  electrode  with  sulfuric  acid. 
Due  to  severe  attack,  it  was  necessary  to  protect  the  epoxy 
from  the  acid.  The  epoxy  surrounding  the  composite  was 
coated  with  a  parafin  wax  and  then  sulfuric  acid  was  dropped 
on  the  composite  to  form  a  pool  contained  by  the  wax.  By 
trial  and  error,  it  was  found  that  40  minutes  exposure  to  the 
acid  produced  pins  about  8  ym  long.  The  resultant  pins  had 
cylindrical  tips.  Although  reference  [42]  included  a  tech¬ 
nique  for  pointing  the  pins,  this  proved  unsuccessful  and 
only  cylindrical  pins  were  used  in  the  tests. 

Far  more  effort  has  gone  into  work  to  perfect 
lengthening  and  pointing  etches  for  the  UC^-W  composites  [41, 
43].  The  chemical  composition  of  both  etches  are  shown  in 
Table  5.  The  lengthening  etch  acts  like  the  sulfuric  acid 
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Table  5.  Chemical  Composition  of  U02~W  Etches. 


Lengthening 

Etch 

Pointing 

Etch 

(Vol%) 

(Vol  %) 

Acetic  Acid, 

Glacial 

28.6 

26.5 

Nitric  Acid 

8.6 

18.5 

Hydrofluoric 

Acid 

5.7 

15.  3 

Saturated  CrO-j 


57.1 


39.7 
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etch  described  above.  The  UO2  matrix  is  dissolved  leaving 
cylindrical  metal  pins.  The  pointing  etch,  on  the  other 
hand,  attacks  the  tungsten  pins  as  well  as  the  oxide  matrix 
leaving  pins  that  have  been  lengthened  and  pointed.  Appli¬ 
cation  of  these  etches  was  done  in  an  identical  manner  to 
the  sulfuric  acid  etch  described  above.  Pins  were  pointed 
then  lengthened  using  the  etches  successively,  each  for  40 
minutes.  This  produced  pins  that  were  long  and  pointed, 

Figure  11. 

Discharge  Tests-CW 

The  CW  discharge  tests  were  made  in  the  test  equipment 
previously  described;  the  electrical  test  circuit  for  the 
tests  is  shown  in  Figure  16.  The  power  source  was  capable  of 
a  maximum  of  25  mA  at  3  kV  and  the  current  limit  was  provided 
by  a  series  resistor,  Rg,  which  could  be  varied.  The  circuit 
current,  I,  was  measured  using  a  milliampmeter  in  series 
with  the  discharge.  Applied  voltage,  Vg,  and  voltage  drop 
across  the  discharge,  VD,  were  measured  utilizing  a  1000  x 
voltage  probe.  All  tests  were  begun  by  evacuating  the  chamber 
and  adjusting  the  flow  rate  as  discussed  previously.  The 
valve  to  the  vacuum  pump  was  throttled  to  obtain  the  desired 
chamber  pressure.  Only  minor  adjustments  were  required 
throughout  a  run  to  maintain  a  desired  flow  rate  and  pressure. 

The  principal  measurement  made  in  the  CW  tests  was 
the  determination  of  the  cathode  fall  voltage  for  the  various 
electrodes.  This  had  to  be  accomplished  during  a  normal 
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glow  discharge.  The  "normal"  glow  discharge  was  ascertained 
by  increasing  the  current  and  observing  the  spread  of  the 
discharge  across  the  surface  of  the  cathode.  The  spreading 
indicated  a  constant  current  density  was  being  maintained, 
a  characteristic  of  a  glow  discharge. 

Although  the  "normal"  cathode  fall  remained  constant 
with  increasing  current,  the  overall  voltage  drop  was  seen 
to  fall.  This  is  because  the  resistance  of  the  gas  decreased 
as  the  current  increased.  Once  the  entire  surface  of  the 
cathode  was  covered  with  a  discharge,  a  rise  in  cathode 
fall  ("abnormal"  cathode  fall)  with  increasing  current  occur¬ 
red  as  the  current  density  no  longer  could  remain  constant. 
This  indicated  the  "abnormal"  glow  regime,  a  regime  which 
had  to  be  avoided  or  the  cathode  fall  measurements  would  be 
too  high. 

In  making  cathode  fall  measurements,  the  operating 
parameters  were  adjusted  to  insure  a  glow  discharge.  Of 
primary  importance  was  the  circuit  current,  for  it  is  the 
current  which  determines  the  discharge  characteristics, 

Figure  4.  The  current  was  controlled  primarily  by  the  series 
resistor,  the  value  of  which  was  critical.  Another  factor 
affecting  the  type  of  discharge  was  the  pressure.  At  high 
pressure,  it  was  difficult  to  spread  the  discharge  across  the 
entire  surface  of  the  cathode  and  often  an  abnormal  discharge 
or  an  arc  was  initiated  from  only  a  small  portion  of  the 


cathode. 
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The  ultimate  goal  of  this  effort  was  to  find  a  cathode 
that  can  operate  with  low  resistances  and  at  high  pressure 
and  still  maintain  a  glow  discharge.  However,  for  the  cathode 
fall  tests,  high  resistances  (between  68-500  kft)  were  used. 

In  addition,  the  tests  were  run  at  low  (<150  torr)  pressures. 
This  insured  accurate  cathode  fall  values  for  all  of  the 
cathodes  tested.  Actually,  it  is  the  pressure  times  distance 
which  determines  the  discharge  stability.  Thus,  the  anode- 
cathode  separation  distance  was  usually  0.1  cm  for  these 
tests. 

Cathode  fall  measurements  were  made  for  each  of  the 
cathodes  listed  in  Table  6.  For  each,  data  for  the  measure¬ 
ment  consisted  of  recording  the  circuit  current,  I,  and  the 
voltage  drop  across  the  discharge,  VQ,  for  various  applied 
voltages,  v  .  Pressure,  cathode-anode  spacing,  and  series 
resistance  were  varied  for  each  cathode  within  the  bounds 
discussed  above.  Once  in  the  proper  regime,  the  normal 
cathode  fall  was  measured  in  two  ways.  First,  the  voltage 
drop  across  the  discharge  gap  was  measured  as  a  function  of 
pressure  times  gap  distance,  pd.  As  pd  decreased,  the  volt¬ 
age  drop  approached  the  cathode  fall  voltage.  The  second 
technique  involved  measuring  the  discharge  current  as  a  func¬ 
tion  of  applied  voltage.  The  minimum  sparking  voltage,  esti¬ 
mated  as  the  voltage  at  which  current  extrapolated  to  zero, 
served  as  an  additional  estimate  of  the  cathode  fall  voltage. 
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Table  6.  Electrodes  for  CW  Cathode  Fall  Tests. 


Electrode 

Description 

AL-1 

Aluminum 

G-l 

Gd202-Ce20^-Mo,  polished 

G-1E 

Gd202-Ce203-Mo,  exposed  pin 

U-l 

UC^-W,  polished 

U-1E 

U02-W,  exposed  pin 
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Discharge  Tests  -  Pulsed 

The  pulsed  discharge  tests  were  made  in  the  same  dis¬ 
charge  test  equipment  used  for  the  CW  discharge  tests.  Plow 
*  rate  and  pressure  were  adjusted  as  previously  described.  The 

circuit  for  the  pulse  tests  is  shown  in  Figure  17.  The 
pulses  were  generated  by  a  Cober  High  Power  Pulse  Generator 
(606P)  pulse  generator  capable  of  2500  V  pulses  over  a  large 
range  of  duty  cycles.  The  current  was  measured  using  a  small 
resistor,  R  ,  while  the  voltage  pulse  was  measured  using  a 
lOOx  voltage  probe.  After  a  discharge  occurred,  the  voltage 
probe  measured  the  voltage  drop  across  the  discharge  and 

the  source  voltage,  V  ,  had  to  be  calculated  by  adding  back 

s 

the  voltage  drop  across  the  total  series  resistance,  Rg  +  R^. 

The  first  tests  made  with  the  pulsed  circuit  were 
repeats  of  the  CW  cathode  fall  tests.  The  considerations  for 
cathode  fall  measurements  were  identical  to  those  for  the  CW 
tests  with  the  addition  of  pulse  length.  Short  pulses  make 
a  discharge  inherently  more  stable,  but  prevent  the  use  of 
large  series  resistors.  For  most  of  the  tests,  100  psec 
pulses  provided  a  good  compromise.  As  in  the  CW  tests,  the 
cathode  fall  data  consisted  of  measuring  the  voltage  applied, 
the  voltage  drop  across  the  discharge,  and  the  current  in  the 
discharge. 

After  completion  of  the  cathode  fall  tests  in  the  pulsed 
mode,  sparking  voltage  and  stability  tests  were  made  on  three 
electrodes,  the  aluminum,  the  polished  UC^-W,  and  the  UO^-W 


etched  electrodes.  The  sparking  voltage  tests  measured  the 
minimum  voltage  required  to  initiate  a  discharge  as  a  func¬ 
tion  of  pressure.  The  same  pulsed  circuit  previously 
described  was  used.  Pulses  for  this  test  were  kept  short 
typical  of  TEA  laser  operation.  This  necessitated  using  low 
(4  k.Q)  series  resistance.  Even  using  a  0.1  cm  gap,  pressures 
higher  than  560  torr  could  not  be  used  due  to  the  limitation 
of  the  power  supply  voltage.  The  stability  test  of  each 
cathode  was  somewhat  subjective  in  that  the  discharge  had  to 
be  visually  examined  for  uniformity.  These  tests  were  per¬ 
formed  in  conjunction  with  the  sparking  voltage  tests.  At  a 
specific  pressure,  the  voltage  was  raised  until  a  discharge 
occurred.  This  was  taken  as  the  minimum  sparking  voltage. 

Then  the  voltage  was  raised  further  and  the  discharge 
examined.  A  stable  discharge  should  spread  uniformly  over 
the  entire  cathode  area  while  an  unstable  discharge  will  tend 
to  localize  into  an  arc.  For  each  electrode,  the  pressure  at 
which  the  discharge  was  no  longer  stable  was  recorded,  along 
with  other  visual  observations  about  the  discharge  itself. 

In  addition,  the  trace  on  the  oscilloscope  was  used  to  evaluate 
the  discharge  stability. 

LVFE  Preionization  Source 
Preionization  Apparatus 


The  preionization  tests  were  all  accomplished  using 
adaptations  of  the  sample  holder  configuration  used  by  Hill 


[40]  for  the  vacuum  field  emission  work.  Figure  18  shows 
the  three  post  flange  arrangement  used  for  simple  field  emis¬ 
sion  work.  This  flange  allowed  electrical  connection  to  the 
cathode,  the  extractor,  and  the  collector.  Manufacture  of 
the  Low  Voltage  Field  Emitter  (LVFE)  is  discussed  in  the  next 
section.  Once  produced,  the  emitter  was  mounted  onto  a  spring 
loaded  stainless  steel  rod  using  silver  paste.  This  provided 
electrical  contact  between  the  tungsten  pins  and  the  rod. 

Next,  the  extractor  was  screwed  into  place  with  the  active 
area  of  the  LVFE  centered  in  the  recessed  hole.  The  rod  was 
then  raised  until  contact  between  the  moly  film  on  the  LVFE 
structure  and  the  extractor  was  made.  Contact  was  verified 
with  an  ohm-meter.  At  this  point,  the  rod  was  lowered  again 
to  protect  the  chip  while  the  collector  was  positioned. 
Collector-cathode  distances  were  varied  between  1  and  2  mm. 
Once  the  collector  was  secured  with  a  lock  nut,  the  chip  was 
raised  into  position  and  contact  rechecked.  The  flange  was 
now  ready  for  use. 

For  this  simple  cathode-extractor-collector  geometry, 
the  circuit  used  was  identical  to  that  of  reference  [40] , 
Figure  19.  Oscilliscopes  were  used  to  measure  the  voltage  to 
the  pins,  the  leakage  current,  and  the  emission  current.  A 
lOx  voltage  probe  was  used  to  measure  pin  voltage  on  the 
oscilliscope ;  pulses  were  generated  in  the  same  manner  as  in 
the  pulsed  discharge  tests.  A  68  kn  resistor  was  placed 
between  the  pulser  and  the  pins  to  limit  the  current  in  the 


event  of  a  short  in  the  insulator  film.  The  leakage  current 
was  always  in  the  range  which  could  be  monitored  with  a 
500  0  resistor.  The  resistor  used  in  the  emission  current  cir 
cuit  was  varied  depending  on  the  magnitude  of  the  emission. 
Naturally,  as  small  a  value  as  possible  was  chosen  to 
minimize  current  lag  due  to  charging.  The  value  of  the  bias 
battery  was  varied  between  +67  and  +300  volts  depending  on  the 
test. 

In  addition  to  the  two  electrode  configuration  dis¬ 
cussed  above,  several  tests  were  run  in  a  "three  electrode" 
configuration.  Figure  20, in  which  the  collector  was  replaced 
with  a  wire  mesh  (50%  transparent)  and  the  collector  was 
placed  in  an  anode  position  above  the  mesh.  This  allowed  the 
mesh  to  be  kept  at  a  constant  collector  voltage,  while  the 
anode  voltage  could  be  varied  independently.  Distances 
between  the  cathode  and  the  wire  mesh  varied  between  1  and  4 
mm  while  the  anode  mesh  distance  was  varied  between  0.5  and 
2  mm. 

Two  circuit  arrangements  were  used  in  the  "three 
electrode"  tests.  Figure  21.  In  the  first,  the  source,  s, 
was  a  battery  which  biased  the  anode  positive  with  respect 
to  the  wire  mesh  collector.  In  the  second,  the  source  was 
changed  to  a  DC  power  supply.  Again  values  of  the  resistors 
were  varied  depending  on  the  tests. 

For  both  the  two  and  three  electrode  configurations, 
the  mounting  flange  was  inserted  in  place  of  the  plexiglass 


Photograph  of  (a)  Three  Electrode  Discharge 
Test  Fixture  Mounted  on  Conflat  Flange,  X0.5 
and  (b)  View  of  Three  Electrode  Configuration 
X3 . 


Figure  20 . 
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Figure  21.  Circuit  for  Three  Electrode  LVFE  Preionization  Configuration 
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window  in  the  glass  T  previously  described.  Figure  13. 

Negative  pressure  was  used  to  hold  the  flange  in  place  since 
it  was  not  actually  designed  to  bolt  onto  the  glass  T. 

Even  so,  pressures  as  high  as  600  torr  could  still  be  main¬ 
tained.  The  third  electrode  required  a  fourth  lead  which  was 
brought  into  the  "T"  via  the  stainless  steel  rod  shown  in 
Figure  14.  At  the  start  of  each  test,  the  chamber  wts  evacu¬ 
ated  and  back  filled  with  helium  to  the  desired  pressure. 

As  in  the  discharge  tests,  a  balance  between  the  vacuum 
throttle  and  the  incoming  gas  was  used  to  maintain  pressure. 

In  these  tests,  the  flow  rate  of  the  gas  was  not  critical 
since  the  gas  did  not  flow  by  the  sample. 

In  addition  to  the  tests  described  above,  several 
tests  were  run  in  a  vacuum  chamber  pumped  to  a  mid  10  6 
torr  with  a  diffusion  pump  and  a  freon  baffle.  After  the  low 
pressure  tests,  the  chamber  was  sealed  off  and  filled  to  the 
desired  high  pressure.  These  tests  were  all  run  with  the 
three  electrode  configuration. 

LVFE  Fabrication 

This  section  summarizes  the  procedure  for  producing  the 
Low  Voltage  Field  Emission  cathodes.  An  extensive  discussion 
of  the  fabrication  method  can  be  found  in  references  [40]  and 
[41]. 

The  substrate  for  these  cathodes  was  a  disc  4.2  mm  in 
diameter,  1-2  mm  thick  cut  from  a  crack  free  area  of  a  UC^-W 
composite  slice.  The  area  from  which  the  disc  was  cut  was 
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selected  for  pin  uniformity  and  the  presence  of  near  perpen¬ 
dicular  fibers.  The  cut  discs  were  annealed  in  for  two 
hours  at  1200°C  to  reduce  any  WO^  phases  to  W.  The  discs 
were  then  polished  to  a  1  pm  finish. 

Pointed  fibers  extending  above  the  UO ^  matrix  were  pro¬ 
duced  by  etching  the  disc  in  the  pointing  etch,  Table  6. 

The  disc  was  held  using  plastic  tweezers  and  immersed  in  the 
etch.  The  etch  was  in  a  shallow  dish  which  was  rotated  at  a 
controlled  RPM  so  that  the  liquid  moved  toward  the  polished 
side  of  the  disc.  This  technique  produced  matrix  surfaces 
which  were  consistently  smooth.  Times  of  15-30  minutes  at 
speeds  of  1-3  cm/sec  produced  pins  which  were  from  3-6  pm 

O  O 

long  and  pointed  to  radii  varying  between  50  A  and  250  A. 

After  etching,  each  disc  was  examined  in  the  SEM  to 
insure  that  the  pins  near  the  center  were  uniform,  near  per¬ 
pendicular,  and  sufficiently  pointed.  If  so,  an  active 
emitting  area  was  formed  on  the  disc,  Figure  22.  This  was 
done  by  protecting  a  circular  group  of  pins  with  a  parafin 
wax  then  dissolving  the  unprotected  pins  with  an  alkaline 
potassium  ferrocyanide  solution  (0.5  g  NaOH,  1.5  g  K3Fe(CN)6 
in  10  ml  H30) .  Before  the  pins  were  dissolved,  the  back  of 
the  disc  was  covered  with  wax  to  protect  the  exposed  pins  that 
would  ultimately  be  used  to  make  electrical  contact.  The 
most  complex  part  of  this  procedure  was  the  placement  of  the 
parafin  drop.  The  equipment  for  this,  designed  by  Hill  [40], 
consisted  of  a  syringe  which  had  been  mounted  in  place  of  the 


REMOVE  WAX  MASK 


Figure  22 .  Schematic  Diagram  Illustrating  the  Steps  in 
The  Formation  of  the  Active  Area. 
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barrel  of  microscope.  Using  a  micrometer  attached  to  the 

syringe  plunger,  a  small  drop  of  wax  was  released  from  the 

syringe  onto  the  disc.  The  entire  operation  was  done  under 

a  30x  binocular  scope.  Average  active  areas  produced  by 

-3  2 

this  technique  were  around  1-2  x  10  cm  . 

Once  an  active  area  had  been  formed,  silica  and 
molybdenum  were  sequentially  vapor  deposited  at  normal  inci¬ 
dence  to  the  UO2  matrix.  A  schematic  of  the  vapor  deposition 
chamber  is  presented  in  Figure  23;  the  specifics  of  this 
deposition  process  are  presented  in  references  [40]  and  [41]. 
The  LVFE  structure  was  formed  from  the  vapor  deposition  as 
illustrated  in  Figure  24.  Although  cylindrical  pins  are  shown, 
the  technique  was  identical  with  pointed  pins.  The  first  step 
shows  the  results  of  the  etching  and  active  area  formation 
process  discussed  above.  Step  2  shows  how  the  silica  and 
molybdenum  form  cones  on  the  pins  which  shadows  the  composite 
surface.  The  composite  disc  is  then  rinsed  for  about  5 
seconds  in  HF  and  shaken  in  distilled  water  for  about  15-30 
seconds.  This  resulted  in  the  removal  of  the  vapor  deposited 
cones,  leaving  holes  around  each  pin.  These  steps  are  also 
illustrated  in  Figure  25  which  shows  SEM  photographs  for  the 
process. 

The  dimensions  of  the  pin-extractor  configuration  which 
resulted  from  the  deposition  depended  on  the  pin  height  and 
the  thickness  of  the  insulator  film.  Reference  [44]  presents 
a  detailed  discussion  of  the  effect  of  these  parameters. 


Stop  1.  Etch  a  polished  UO2  -  W  composite  to  pro¬ 
duce  free  standing  W  pins  (cathodes). 


Step  2.  Vapor  deposit  Si02  and  Mo  parallel 
fiber  axes  to  the  desired  thickne- 


no 
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Steps  3  and  4.  Ultrasonically  vibrate  in  HoO  to  remove  cathode 
cones  and  clean  remanent  Si02  from  cathode 
with  hydrofluoric  acid. 


Figure  24.  Schematic  Diagram  Showing  the  Steps  In  the  Form¬ 
ation  of  the  LVFE  Structure. 


For  this  effort,  very  little  variation  was  used  in  the  deposi¬ 
tion  with  silica  layers  about  2.0  ym  and  the  molybdenum  layer 
about  0.5  pm. 

Preionization  Testing 

The  specifics  of  each  preionization  test  varied  greatly 
depending  on  the  goal  of  that  particular  test.  The  purpose 
of  this  section  is  to  describe  the  general  techniques  used 
throughout.  Any  important  deviations  from  the  tests  described 
below  will  be  presented  in  Chapter  IV. 

One  of  the  major  concerns  in  this  phase  of  the  research 
was  the  measurement  of  field  emission.  For  the  low  pressure 
(mid  10  6  torr)  measurements,  the  procedure  followed  was 
similar  to  that  used  by  Hill  [40]  with  one  important  difference. 
In  that  work,  the  cathodes  were  conditioned  over  a  long 
period  of  time  in  order  to  maximize  emission  current.  Since 
the  goal  of  this  work  was  not  to  maximize  emission,  condition- 
ng  time  was  shortened  to  several  hours  using  the  following 
scheme.  With  the  circuit  set  up  as  previously  described 
(three  electrode  configuration) ,  the  pulsed  (100  usec/50  Hz) 
voltage  on  the  pins  was  raised  until  emission  was  between  5 
and  10  pA.  The  current  was  measured  by  detecting  the  voltage 
drop  across  a  series  resistor  with  an  oscilloscope.  The 
voltage  was  held  for  about  30  minutes,  then  raised  20  volts. 

The  new  voltage  was  also  held  for  about  30  minutes  before  it 
was  raised  again.  At  each  voltage,  a  series  of  current  vs 


voltage  data  points  was  taken  to  provide  the  data  necessary 


80 


for  a  Fowler-Nordheim  plot.  The  conditioning  continued 
until  emission  was  stable  and  if  possible  until  there  was 
measurable  emission  at  voltage  values  under  -100  V.  Typical 
voltage/current  oscilloscope  traces  are  shown  in  Figure  26. 

All  of  the  low  pressure  tests  were  made  with  the  three 
electrode  configuration  using  the  diffusion  pump  vacuum 
chamber.  Conversely,  the  high  pressure  tests  (0.03  -  760 
torr)  were  made  in  both  the  vacuum  chamber  and  the  discharge 
'T'  using  the  two  electrode  as  well  as  the  three  electrode 
configuration.  The  pressure  was  established  in  the  discharge 
'T'  in  the  same  manner  as  for  the  discharge  tests.  To  pres¬ 
surize  the  vacuum  chamber,  the  diffusion  pump  and  baffle  were 
shut  off  and  the  quick-cool  water  lines  connected.  After 
about  20  minutes,  when  the  diffusion  pump  had  cooled  suf¬ 
ficiently,  the  valve  between  the  chamber  and  the  fore  pump 
was  closed  and  the  valve  between  the  gas  supply  and  the  chamber 
was  opened.  The  chamber  was  filled  with  helium  to  760  torr. 

The  field  emission  tests  at  high  pressure  were  signifi¬ 
cantly  different  than  the  low  pressure  tests.  Most  often, 
the  voltage  was  raised  only  until  stable  emission  was 
detected  using  a  220  kft  or  100  k  series  resistor.  In  general, 
the  voltage  was  kept  as  low  as  possible  in  order  to  minimize 
both  destruction  to  the  cathode  and  arcing.  No  conditioning 
was  done  at  high  pressures. 

After  the  emission  at  high  pressure  was  measured,  many 
of  the  cathodes  were  tested  as  a  preionization  source  for  a 
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discharge.  In  the  two  electrode  configurations,  the  collec¬ 
tor  was  the  anode  for  the  discharge,  Figure  19.  The  voltage 
applied  across  the  gap  was  the  value  of  the  battery  minus 
the  negative  pin  voltage.  Current  direction  was  identical 
to  emission  and  thus  discharge  current  was  measured  exactly 
as  emission.  In  the  three  electrode  configuration.  Figure  21, 
the  collector  served  as  the  cathode  for  the  discharge,  and 
the  third  electrode  served  as  the  anode.  The  voltage  across 
the  discharge  was  the  difference  between  the  positive  voltage 
placed  on  the  anode  and  the  positive  collector  voltage.  A 
discharge  in  this  configuration  resulted  in  a  flow  of  elec¬ 
trons  away  from  the  collector,  opposite  the  flow  due  to 
emission.  When  the  discharge  currents  were  larger  than  the 
emission,  the  current  detected  across  the  series  resistor  was 
of  opposite  polarity  to  emission.  This  polarity  change  was 
used  to  detect  the  onset  of  a  discharge.  As  previously 
discussed,  either  a  battery  or  a  DC  power  supply  was  used  to 
provide  the  anode  voltage.  However,  all  of  the  quantitative 
data  was  taken  using  the  DC  power  supply.  For  most  of  the 
tests,  the  pin  voltage  was  held  constant  and  discharge  current 
was  measured  as  a  function  of  anode  voltage  up  to  the  sparking 
voltage.  If  there  was  no  discharge  at  a  particular  anode 
voltage,  then  emission  was  measured.  In  some  tests,  when  the 
cathode  was  emitting  well  at  low  voltages,  discharge  current 
was  measured  as  a  function  of  pin  voltage  at  each  anode 
voltage.  In  either  case,  during  the  discharge  test,  lower 


CHAPTER  IV 


RESULTS  AND  DISCUSSION 

This  chapter  presents  a  discussion  of  the  results  of 
the  two  phases  of  this  research,  the  use  of  LVFE  cathodes 
as  a  preionization  source  for  lasers  and  the  use  of  unidirec- 
tionally  grown  oxide-metal  composites  as  laser  electrodes. 
Although  the  preionization  tests  were  performed  second,  they 
made  up  the  bulk  of  the  effort  and  consequently  these  tests 
are  discussed  first. 

LVFE  Cathodes  as  Preionization  Sources 
In  evaluating  the  use  of  low  voltage  field  emitters  as 
a  preionization  source  for  lasers,  three  factors  had  to  be 
considered.  First,  would  the  cathodes  emit  sufficiently  at 
typical  laser  operating  pressures?  Second,  could  the  emitters 
be  used  to  control  a  discharge?  Finally,  could  the  cathodes 
survive  the  potentially  harsh  environment  necessary  for  field 
emission  at  high  pressure?  This  section  addresses  those 
questions  in  light  of  the  results  of  the  LVFE  tests  performed. 
Table  7  presents  a  summary  of  the  test  configurations. 

Appendix  B  is  a  test  by  test  description  of  all  the  LVFE 
tests.  References  in  this  section  to  tables  beginning  with 
"B"  {e.g..  Table  B-l)  can  be  found  in  that  appendix. 


Table  7.  Test  Configurations  for  LVFE  Cathode  Testing. 
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Field  Emission  at  Laser  Gas  Pressures 

Field  emission  from  the  LVFE  cathodes  in  a  vacuum  has 
been  well  established  [40],  However,  stable  emission  at  or 
near  atmospheric  pressure  must  be  demonstrated  if  the  LVFE 
structures  are  to  be  used  for  laser  preionization.  To  assess 
emission  at  elevated  pressure,  an  attempt  was  made  to  mea¬ 
sure  field  emission  at  pressures  between  500  and  760  torr 
for  every  cathode  fabricated.  A  summary  of  the  results 
of  these  emission  tests  are  shown  in  Table  8.  The  test  and 
test  conditions  shown  for  each  cathode  are  for  the  highest 
pressure  at  which  emission  was  measurable,  i.e.,  >0.25  pA. 

All  but  four  cathodes  displayed  measurable  emission  at  500 
torr  or  greater  indicating  that  emission  at  high  pressure  is 
indeed  feasible.  However,  the  nature  of  field  emission  from 
the  LVFE  cathodes  into  a  gas  requires  additional  discussion. 

Field  Intensified  Ionization.  Of  the  four  cathodes 
that  failed  to  provide  measurable  emission  at  pressures  greater 
than  500  torr,  three  of  these  had  emission  that  was  measur¬ 
able  at  pressures  above  10  torr,  still  a  relatively  high 
pressure.  (The  fourth  was  not  tested  at  less  than  760  torr.) 

In  this  relatively  low  pressure  range  (10-200  torr) ,  a  great 
many  ionizations  occur  producing  additional  electrons  which 
amplify  the  current.  Because  the  number  of  ionizations  depend 
on  the  field  which  accelerates  the  electrons,  the  amplifica¬ 
tion  of  the  current  is  termed  "field  intensified  ionization.” 
The  phenomenon  of  field  intens  fied  ionization  was  most 
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Table  8.  LVFE  Cathode  Emission  Summary. 


Cathode 

(Test) 

Maximum 

Pressure 

for 

Emission 

(torr) 

Maximum 

Emission 

(yA) 

Maximum 

Emission 

Density 

(mA/crn^ ) 

Voltage 
at  Max. 
Emission 
(V) 

Minimum 
Voltage  to 
Initiate 
(V) 

S-11C 

(HP-1) 

500 

3 

5.6 

-100 

-60 

E17-2 

(HP-4) 

500 

16 

24.5 

-100 

-60 

L19B 
(HP- 6) 

500 

3.7 

3.9 

-90 

-80 

E20-1 
(HP- 7) 

500 

6.0 

12.7 

-100 

-80 

L19D-A 

(HP-13) 

15 

181 

233 

-80 

-60 

E13-2 

(HP-14) 

500 

1.8 

2.2 

-50 

-30 

JP9-1 

(HP-15) 

500 

0.7 

1.0 

-100 

-64 

L19E 

(HP-18) 

34 

0.9 

0.  63 

-180 

-140 

JP9-3 

(HP-19) 

500 

3.6 

4.3 

-175 

-120 

L19D-B 

(HP-20) 

222 

2.7 

3.2 

-170 

-170 

JP9-2 

(HP-23) 

760 

9.0 

4.4 

-160 

-50 

El-2 

(HP-24) 

IQ"6 

75 

56 

-200 

-150 

ER+E 

(HP-25) 

760 

<.25 

<.3 

-120 

-120 
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clearly  observed  with  test  HP-15  in  which  emission  current 
measured  at  the  collector  was  recorded  as  a  function  of  gas 
pressure.  Table  9.  Equation  (3),  repeated  below,  is  an 
empirical  approximation  for  the  number  of  ionizations  that 
results  from  each  electron  as  a  function  of  gas  composition, 
pressure,  voltage,  and  distance.  Using  this  expression  and 
the  constants  for  Helium  (Table  1) ,  theoretical  calculations 

I  =  I  exp(pAd  exp(-B/E/p)]  (3) 

of  I  were  made  for  three  different  voltages:  90  V  (the  pin 
voltage  on  cathode  JP9-1) ,  157  V  (90  V  plus  the  67  volts  on 
the  collector) ,  and  225  V  (a  voltage  to  bound  the  high  side) . 
The  curves  in  Figure  27  were  generated  by  calculating  IQ 
(Eq.  (3))  from  the  36  torr,  22.7  yA  measurement.  It  can  be 
seen  from  Figure  27  that  the  157  V  potential  provides  a  very 
good  theoretical  estimate  for  the  experimental  data  and  shows 
fairly  conclusively  that  the  accelerating  voltage  for  the 
electrons  that  are  emitted  is  the  difference  between  the 
positive  voltage  on  the  collector  and  the  negative  voltage  on 
the  pins  and  not  the  potential  difference  between  the  extractor 
and  the  cathode. 

Because  the  current  at  low  pressure  included  the  ioni¬ 
zation  current,  it  is  clear  that  low  field  emission  currents 
can  be  more  readily  measured  when  ionization  is  high.  Field 
intensified  ionization  does  not  explain  completely,  however, 
the  lack  of  high  pressure  emission  from  some  samples. 


Table  9.  Field  Emission  Current  vs  Pressure  for  Cathode 
JP9-1,  Test  HP-15. 


Pressure 

(torr) 

Emission 
Current  ^  ( v*A) 

Pressure 

(torr) 

Emission 
Current (1) (uA) 

36 

22.  7 

52 

9.1 

54 

4.5 

57 

6.8 

59 

2.7 

62 

2.7 

72 

4.5 

207 

1.8 

259 

0.9 

362 

0.7 

465 

0.1 

(1)-90  V  on 

pins,  +67  V  on 

collector. 

Figure  27.  Empirical  Versus  Experimental  Field  Intensified  Ionization  as 
a  Function  of  Pressure  (Data  from  Table  9). 
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Cathode  L19D-A  (HP-13)  is  the  most  dramatic  example  of  this. 
For  the  conditions  of  that  test  (-80  V  on  the  pins,  +67  V 
on  the  collector,  15  torr,  0.1  cm  separation)  an  amplification 
of  I/l0  =  24  can  be  calculated  from  equation  (3).  Yet,  with 
an  emission  of  181  pA  at  15  torr,  emission  at  760  torr  should 
have  been  about  7  pA.  This  leads  one  to  believe  that  higher 
pressure  may  have  a  deleterious  effect  on  emission.  Further 
evidence  of  this  was  provided  in  Test  HP-23  where  the  10  ^ 
torr  emission  and  even  the  .030  torr  emission  were  both 
significantly  higher  than  that  for  760  torr  emission  for  the 
same  cathode,  Table  10. 

Space  Charge  Current  Limit.  There  are  several  possible 
explanations  for  the  lower  emission  at  higher  pressures. 

One  of  the  most  likely  contributors  to  the  low  emission  is 
the  presence  of  space  charge.  When  current  densities  are 
high,  electrons  emitted  from  a  field  emitter  collect  in  the 
neighborhood  of  the  cathode  creating  a  negative  space  charge 
region  and  inhibiting  the  emission  of  other  electrons.  This 
occurred  to  some  degree  in  the  vacuum  testing  of  the  LVFE 
cathodes  [40].  The  result  of  space  charge  is  a  deviation  from 
the  Fowler-Nordheim  equation  with  the  data  curving  down  from 
the  straight  line  that  that  equation  predicts.  Figure  28 
shows  a  Fowler-Nordheim  plot  for  the  1092  minute  10  ®  torr  data 
for  JP9-2  (HP-23)  and  the  10  ®  torr  data  for  cathode  ER+E 
(HP-25) .  Both  plots  appear  to  be  reasonably  typical  of  that 
expected  from  vacuum  field  emission  data,  although  there  does 


Table  10.  Field  Emission  Current  vs  Applied  Voltage  for 
Selected  Pressure,  Cathode  JP9-2,  Test  HP-23. 


Voltage 

Applied 

Emission 
-  a 

Current  (pA) 

(1) 

(V) 

10  D  torr 

.030  torr 

760  torr 

100 

400 

— 

2.7 

130 

— 

125 

— 

150 

620 

600 

9.0 

^+67  V  on  collector 


* 

i 


LOG  (I/V 


seem  to  be  a  tendency  for  space  charge  at  the  higher  voltages. 
Neither  of  these  cathodes  emitted  well  enough  at  760  torr 
for  high  pressure  V-I  data  to  be  taken.  However,  500  torr 
data  from  tests  HP-7  (cathode  E20-1)  and  HP-14  (cathode 
E13-2)  were  available,  Figure  28.  Cathode  E13-2  clearly 
showed  space  charge  effects.  For  cathode  E20-1,  it  is  dif¬ 
ficult  to  determine  whether  the  initial  data  point  was 
incorrect  (dotted  line)  or  whether  space  charge  existed  (solid 
line) .  Unfortunately,  insufficient  V-2  data  was  available 
at  high  pressures  to  ascertain  whether  space  charge  was 
limiting  the  current  in  other  high  pressure  tests. 

Space  charge  effects  in  high  pressure  gases  are  much 
more  evident  than  in  a  vacuum  [8],  Under  high  pressure  condi¬ 
tions,  the  electrons  emitted  will  reach  their  drift  velocity 
very  quickly.  Cobine  ( 8 J  presented  an  equation  for  space 
charge  at  high  pressure  for  any  gas  region  in  which  current 
is  carried  by  ions  of  one  sign: 


9. 95  x  10-14  KV2 


where:  J  =  current  density  (A/cm  ) 

V  =  voltage  across  the  gap  (V) 
x  =  gap  distance  (cm) 

K  =  mobility  of  electrons  in  gas  (cm/sec/volt/cm) 
Using  K  =  1000  and  a  field  of  1  V/cm,  he  estimated  that  the 
space  charge  limited  current  for  atmospheric  pressure  across  a 
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-4  2 

one  cm  gap  would  be  ^10  yA/cm  ,  while  for  vacuum  the  same 

2 

field  and  gap  would  result  in  a  limit  of  2.33  yA/cm  .  Thus, 
space  charge  could  limit  the  current  by  orders  of  magnitude 
below  the  vacuum  emission.  In  Appendix  C,  an  attempt  was 
made  to  estimate  the  magnitude  of  current  limit  expected  for 
the  high  pressure  runs.  The  results  are  summarized  in  Table 
11.  Although  the  correlation  coefficient  between  maximum 
current  density  and  theoretical  space  charge  was  not  a  strong 
one  (0.573),  it  indicated  that  there  was  some  relation 
between  measured  currents  and  space  charge  effects. 

LVFE  Cathode  Conditioning.  Another  possible  explana¬ 
tion  for  the  lower  emission  measured  at  high  pressure  was  that 
the  LVFE  cathodes  were  never  conditioned  at  high  pressure. 

It  was  found  that  a  slow  increase  of  voltage  with  time, 
"conditioning,"  was  necessary  to  maximize  vacuum  emission 
[40].  While  never  done  intentionally,  several  instances  of 
inadvertant  conditioning  at  high  pressure  indicated  that  this 
process  may  be  as  critical  to  high  pressure  emission  as  it  is 
for  vacuum  emission.  In  test  HP-20,  cathode  L19D-B  emitted 
measurably  at  220  torr  only  after  emitting  at  lower  pressure 
for  a  time.  Additional  conditioning  was  observed  in  test 
HP-23  when  an  inadvertant  high  voltage  was  applied  to  the 
cathode  due  to  the  sudden  burning  out  of  the  short.  This 
high  voltage  resulted  in  an  emission  current  at  760  torr 
which  was  still  measurable  when  the  pin  voltage  was  lowered 
to  -100  V.  Prior  to  the  short,  the  same  cathode  did  not 


J''  V  -•  , 


Table  11.  Space  Charge  Estimate  for  Cathode  Emission. 


emit  at  760  torr  up  to  -150  V.  In  an  attempt  to  capitalize 
on  the  conditioning  of  the  cathodes,  a  diffusion  pump  system 
was  set  up  and  the  cathodes  were  run  at  10  ®  torr.  Unfor¬ 
tunately,  emission  at  10"*^  torr  did  not  affect  emission 
at  higher  pressures,  probably  due  to  the  length  of  time 
(20  minutes)  required  to  raise  the  pressure  from  10  ®  torr 
to  760  torr. 

Contamination  of  LVFE  Pms.  The  last  mechanism  for 
emission  decreases  at  high  pressures  that  will  be  discussed 
is  the  possibility  that  the  emitter  pins  were  contaminated 
by  foreign  substances.  In  test  HP-22,  emission  at  10  ^ 
torr  showed  consistent  degradation  after  about  270  minutes  of 
operation.  Table  B-16.  However,  when  put  back  into  the 

vacuum  and  rerun,  emission  was  higher  than  previously 

_  ^ 

recorded.  Table  B-17.  Since  the  10  torr  pressure  was 
achieved  with  a  diffusion  pump,  it  is  possible  that  pump  oil 
could  have  contaminated  the  pins.  This  would  also  help 
account  for  low  emission  from  high  pressure  runs  (HP-23-HP-25) 
made  in  the  vacuum  testing  system.  In  addition,  the  discharge 
system  was  not  completely  free  of  contaminants  either,  and 
it  could  not  be  evacuated  to  less  than  5  torr.  Impurities 
in  the  gas  or  in  the  chamber  itself  could  certainly  have 
affected  performance. 

Regardless  of  the  effect  of  the  three  factors  discussed 

above,  the  fact  remains  that  field  emission  current  densities 

2 

on  the  order  of  10  mA/cm  were  achieved  at  high  pressure. 


Optimizing  the  configuration  to  reduce  space  charge, 
conditioning  the  pins,  keeping  the  system  free  of  contaminants 
and,  of  course,  constructive  changes  in  pin  uniformity/geometry 
can  only  improve  the  output.  What  had  to  be  considered  next 
was  whether  emission  into  high  pressure  gases  would  be  useful 
in  improving  laser  discharge  characteristics. 

LVFE  Preionization  of  a  Discharge 

In  the  examination  of  LVFE  arrays  as  a  preionization 
source  for  laser  discharges,  two  different  electrode  configura¬ 
tions  were  used.  Although  these  have  been  discussed  pre¬ 
viously,  a  review  of  current  flow  in  each  will  help  clarify 
the  following  discussion.  In  the  two  electrode  configurations. 
Figure  29a,  the  magnitude  of  the  current  is  the  sum  of  the 
electrons  from  the  field  emitter  plus  any  electrons  produced 
by  ionization  in  the  gas  or  secondary  emission  from  the 
cathodes,  i.  e. , 

I  =  e  +  e.  +  e^  (19) 

m  e  1  s 

where:  Im  =  total  current  measured  (at  collector) 

e  =  electron  current  from  emission 
e 

=  electron  current  from  ionization 
es  =  electron  current  from  secondary  emission. 

K 

Regardless  of  the  magnitude  of  the  current,  the  electron  flow 
was  always  toward  the  collector  and  the  current  measured  was 
always  negative.  For  the  three  electrode  case.  Figure  29b, 
a  mesh  of  transparency  M  was  inserted  between  the  old 
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Ee  -  ELECTRON  CURRENT  FROM  FIELD  EMISSION 

Ei  -  ELECTRON  CURRENT  FROM  IONIZATION 

Ei  "  BETWEEN  ANODE  AND  MESH 
AM 

Ei  -  BETWEEN  MESH  AND  CATHODE 

MC 

PA  -  POSITIVE  ION  CURRENT  FROM  IONIZATION 
Pi  -  BETWEEN  ANODE  AND  MESH 


PA  -  BETWEEN  MESH  AND  CATHODE 
MC 

Eg  -  ELECTRON  CURRENT  FROM  SECONDARY  EMISSION 
E,  -  PROM  MESH 


ESC  -  FROM  CATHODE 

Ep  -  ELECTRON  CURRENT  PASSING  THROUGH  THE  MESH 
Ipi  -  CURRENT  MEASURED  AT  COLLECTOR 

M  -  TRANSPARENCY  OF  MESH 


Figure  29.  Current  Flow  in  (a)  Two  Electrode  and  (b)  Three 
Electrode  Configurations. 
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collector  (now  termed  the  "anode")  and  the  cathode,  with  the 
current  measured  at  the  mesh  (now  the  "collector").  The 
magnitude  of  the  current  at  the  collector  mesh  was  a  compli¬ 
cated  expression  which  depended  on  ionization  and  secondary 
emission  on  both  sides  of  the  collector.  However,  assuming 
that  between  the  cathode  and  the  mesh  there  are  no  ionizing 
collisions  (low  field)  on  secondary  emission,  the  equation 
can  be  simplified  to: 


I  =  (1  -  M) (ea  +  P.  )  -  e 

in  e  i._  s 

Am  m 


(20) 


where ; 


m 


M 

e. 


=  total  current  measured  (at  mesh) 

=  mesh  transparency 

=  electron  current  from  field  emission 


P.  =  positive  ion  current  from  ionizations  between 
1Am 

anode  and  mesh 


eg  =  secondary  emission  current  from  mesh, 
m 


Because  the  emission  current,  ee,  and  the  positive  ion  current 


P.  ,  have  opposite  signs,  the  sign  of  the  discharge  current 
1Am 

will  depend  on  the  magnitude  of  each.  When  there  are  no 


(or  few)  ionizations,  e  >  P.  and  the  current  will  be 

e  1Am 


negative  (termed  "emission").  When  there  is  sufficient 


ionization,  P.  >  e  and  the  current  will  be  positive 
i.  e 

Am 


(termed  a  "discharge").  Thus,  in  the  mesh  electrode  configura¬ 
tion,  the  sign  of  the  current  can  be  used  to  detect  a  discharge 
Two  Electrode  Testing.  In  the  two  electrode 


configuration  tests,  the  effect  of  anode  voltage  was  observed 
by  a  jump  in  emission  current  as  the  voltage  on  the  collector 
was  changed.  In  test  HP-1,  the  total  emission  current 
increased  from  between  2-3  pA  to  between  10-20  pA  when  the 
collector  voltage  was  increased  from  +  67  to  +300  V.  This  test 
was  in  laser  gas  and  resulted  in  a  collection  of  material, 
probably  carbon,  at  the  pin  tips.  Helium  was  used  in  all 
subsequent  tests. 

The  first  visible  observation  of  a  discharge  caused  by 
field  emission  from  a  LVFE  came  in  test  HP-4.  With  +67  V 

2 

on  the  collector,  an  emission  current  of  16  pA  (24.5  mA/cm  ) 

was  measured.  When  +300  V  was  put  on  the  collector,  a 

stable  purple  ionization  column  was  observed  between  the  LVFE 

active  area  and  the  collector.  The  current  in  this  column 

2 

was  up  to  200  pA  (100  mA/cm  )  with  only  -60  V  on  the  pins. 

Similarly,  cathode  E20-1  emitted  only  between  4-6  pA  (8.5  - 

12.7  mA/cm^)  with  +67  V  on  the  collector  (HP-7),  but  with 

+300  v  on  the  collector  (HP-9) ,  the  current  was  up  to  350- 

2 

400  pA  (745  -  852  mA/cm  ).  As  before,  a  stable  column  of 
ionization  was  visible.  With  no  voltage  in  the  pins,  +350  V 
on  the  collector  was  required  to  initiate  even  a  very  erratic 
discharge.  Most  important,  this  discharge  was  from  the  corner 
of  the  collector  to  an  edge  of  the  extractor,  not  from  the 
active  area.  This  shows  that  the  current  flow  described 
above  was  a  direct  result  of  the  field  emission  and  in  fact 
coincided  with  the  pulse  of  the  field  emitter.  An  attempt 

i 

if 
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was  made  to  correlate  the  measured  current  at  the  high  field 
condition  (+300  V  on  collector)  with  the  field  emission  at 
the  low  field  condition  (+67  v  on  collector) .  Test  HP-7  and 
HP-9  can  be  used  for  this  correlation  since  both  tests  were 
made  with  the  same  cathode,  E20-1.  From  equation  (19),  it 
can  be  seen  that  when  there  is  no  secondary  emission  (eg  =  0) 
the  measured  current  is  the  sum  of  the  ion  current  plus 
the  emission  current.  If  field  intensified  ionization  was 
responsible,  the  total  current  would  be: 

I  =  Ae  (21) 

m  e 

where:  A  =  I/Iq  and  is  calculated  from  equation  (3). 

When  the  Fowler-Nordheim  equation  is  applied,  it  can  be  seen 
that: 

I  e 

log  —2  =  log  — %  +  log  A  (22) 

v 

For  constant  anode  voltage,  A  is  a  constant  and 
consequently,  the  measured  current  when  plotted  versus  1/V 
will  have  the  same  slope  as  the  Fowler-Nordheim  plot  for 
field  emission,  but  an  intercept  which  is  increased  by  a 
factor  of  log  A.  Figure  30  shows  both  the  low  field  (HP-7) 
and  the  high  field  (HP-9)  Fowler-Nordheim  plot.  As  previously 
discussed,  it  was  difficult  to  tell  whether  HP-7  was  affected 
by  space  charge  or  not.  Consequently,  the  actual  Fowler- 
Nordheim  line  could  not  be  determined.  However,  if  space 


j 
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charge  is  assumed,  it  is  not  unreasonable  that  the  correct 
Fowler-Nordheim  line  is  parallel  to  the  high  field  data. 

That  the  high  field  data  fits  the  Fowler-Nordheim  relationship 
so  well  was  an  indication  that  the  relative  current  magnitude 
between  the  electrodes  was  in  direct  response  to  field 
emission. 

The  two  electrode  configuration  did  demonstrate  that 
high  current  could  be  made  to  flow  across  spacings  that  would 
not  be  conductive  were  it  not  for  an  outside  source  of  elec¬ 
trons.  Thus,  the  ability  to  control  current  in  a  field 
independent  of  the  breakdown  characteristics  was  demonstrated. 
However,  as  will  be  discussed  later,  high  current  levels  at 
high  fields  in  the  neighborhood  of  the  cathode  produced 
extensive  damage  to  the  cathode.  For  this  reason,  the  two 
electrode  configuration  was  discontinued  and  the  three 
electrode  configuration  was  used  in  all  subsequent  tests. 

Three  Electrode  Testing.  It  was  with  the  three  elec¬ 
trode  tests  that  the  first  preionization  of  a  discharge  in 
the  conventional  sense  was  attempted.  Cathode  E20-1,  used 
for  the  first  test  (HP-11) ,  showed  no  emission  until  -220  v 

were  placed  on  the  cathode  pins,  and  then  emission  was  only 
2 

1  yA  (2.1  mA/cm  ).  When  a  potential  of  +533  V  was  placed 
across  the  0.1  cm  anode  -  collector  separation,  the  current 
passing  through  the  wire  mesh  was  sufficient  to  allow  a  dis¬ 
charge  current  of  5  yA  visible  as  a  faint  column  from  anode 
to  collector  above  the  active  area  of  the  emitter.  With  +300 


V  across  the  gap,  only  a  slight  unmeasurable  discharge 
occurred,  and  no  discharge  occurred  with  +233  V  on  the  anode. 
At  those  voltage,  no  current  was  measurable  unless  field 
emission  was  present.  Thus,  this  test  was  the  first  to  show 
that  field  emission  could  provide  electrons  to  produce  a 
current  flow  between  two  other  electrodes  and  was  typical  of 
most  tests  which  were  run  with  the  three  electrode  configura¬ 
tions.  Table  12  presents  a  summary  of  the  successful  dis¬ 
charge  tests.  Figure  31  is  a  graph  of  results  shown  as  cur¬ 
rent  versus  anode  voltage  at  constant  pin  voltage.  The 
intercept  of  the  curves  was  assumed  to  be  the  minimum  voltage 
at  which  a  discharge  could  be  initiated  at  any  pressure. 

This  value  of  about  280  V,  equivalent  to  the  cathode  fall 
voltage  for  those  conditions,  was  larger  than  the  theoretical 
value  of  about  160  V  for  a  normal  glow  discharge  which 
indicated  that  the  discharges  were  not  in  the  normal  regime. 
This  will  be  discussed  later. 

It  was  the  last  two  discharge  tests  (HP-24  and  HP-25) 
which  demonstrated  the  independent  control  of  field  and 
current  which  is  desired  in  a  preionization  scheme.  The 
cathodes  in  those  tests  both  emitted  at  10  ®  torr,  but  at 
760  torr,  cathode  El-2  (HP-24)  showed  no  measurable  emission 
while  ER+E  (HP-25)  showed  only  trace  emission  (^0.25  yA)  . 
However,  in  the  discharge  tests,  it  was  found  that  the  dis¬ 
charge  current  was  a  function  not  only  of  the  anode  voltage, 
but  also  of  the  voltage  to  the  field  emitter.  Appendix  B, 
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Table  12.  Summary  of  Three  Electrode  Discharge  Tests. 


Maximum 


Test 

Cathode 

Pressure 

(torr) 

Discharge 

Current 

Density 

2 

(mA/cm  ) 

Pin 

Voltage 

(V) 

Emission 

Without 

Discharge 

<pA) 

HP-14 

E13-2 

500 

18 

-  (40-60) 

0.7 

HP-16 

JP9-1 

350 

13.6 

-100 

0.5-0. 7 

HP- 17 

JP9-1 

31 

159 

-175 

1.8 

HP-21 

L19D-B 

13 

36.4 

-225 

0.9 

HP- 2  4 

El-2 

760 

10 

-150 

Not  Detected 

HP- 2  5 

ER+E 

760 

18 

- (60-140) 

<0.25 

Tables  B-20  and  B-21.  In  both  tests,  the  discharge  current 
measurements  were  variable.  In  order  to  illuminate  the  trends 


shown  by  the  average  data,  a  simplistic  linear  fit  was  made 
of  the  form: 


I  =  an  +  a.V*  +  a_V 
m  0  1  A  2  p 


(23) 


where:  I  =  measured  current 

m 

VA  =  anode  mesh  voltage 

Vp  =  negative  pin  voltage 

a^,  a^ ,  a£  =  regression  coefficients 
The  results  of  the  linear  regression  are  shown  in  Table  13. 
Although,  the  functional  relationships  are  not  linear  and 
should  be  exponential,  the  sign  of  the  regression  coeffi¬ 
cients  indicate  the  expected  and  desired  trend,  i.e.,  the 
discharge  current  was  increased  by  increasing  the  negative 
voltage  to  the  pins,  independent  of  the  anode  voltage.  From 
an  analysis  similar  to  Jain,  et  al.  [29],  a  more  quantitative 
treatment  of  HP-25  data  is  possible.  They  considered  the 
important  characteristics  of  the  laser  discharge  to  be  E/p 
in  the  positive  column  region  of  the  discharge.  The  voltage 
across  the  positive  column  is  calculated  by  subtracting  the 
voltage  drop  across  the  cathode  fall  region  and  the  volta:re 
drop  across  the  series  resistor,  R,  from  the  total  voltage 
applied  across  the  discharge.  This  can  be  done  graphically 
if  a  line  of  slope  1/R  is  drawn  intercepting  the  axis  at  the 
cathode  fall  voltage.  This  voltage  (regardless  of  the  type 
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Table  13.  Linear  Regression  Coefficients  for 
Equation  (23)  ^  . 


Test  HP-24 

Test  HP-25 

ao 

-13.14 

-10.61 

al 

0.0135 

0.0186 

a2 

0.0509 

0.0686 

^1  =  ag  +  a^  (anode-mesh  voltage)  + 
a2  (-pin  voltage). 
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of  discharge)  is  the  minimum  which  can  sustain  a  discharge. 

The  x  intf  rcept  of  the  current  vs  anode  voltage  curves  is  an 
estimate  of  the  cathode  fall.  For  the  HP-25  data.  Figure  32, 
the  intercept  is  taken  as  280  V  and  a  line  of  1/R  has  been 
drawn  through  that  voltage.  (Note  that  the  small  currents 
make  1/R  almost  vertical.)  The  vcltage  drop  across  the 
positive  column  for  each  pin  voltage  is  the  voltage 
between  that  line  and  the  discharge  current  vs  anode-mesh 
voltage  curve.  Table  14  shows  the  range  of  E/p  which  can  be 
achieved  at  a  constant  current  density  for  three  pin  voltages. 
Although  these  are  only  approximate,  they  are  certainly  in  the 
desired  range  for  C02  laser  operation.  Furthermore,  higher 
pin  voltages  would  provide  even  lower  E/p  values. 

Despite  this  independent  control  of  current  and  field, 

the  fact  remains  that  the  current  densities  of  the  760  torr 

discharges  were  not  sufficient  to  produce  a  glow  discharge. 

In  a  He  glow  discharge,  the  current  density  divided  by  the 

2  2 

pressure  squared  should  be  on  the  order  of  2  pA/cm  -torr  [8], 
For  the  discharges  HP-24  and  HP-25,  this  value  was  two  orders 
of  magnitude  less,  indicating  that  the  discharges  were  in  the 
subnormal  range.  This  also  explains  why  the  voltage  drop  at 
the  cathode  was  higher  than  the  normal  cathode  fall. 

In  all  of  the  three  electrode  discharge  tests,  the 
discharge  current  pulses  did  not  last  any  longer  than  the 
pulse  to  the  field  emitter,  indicating  an  insufficient  cur¬ 
rent  flow  to  sustain  a  discharge.  From  Figure  32,  the  increase 


DISCHARGE  CURRENT  DENSITY  (mA/CN  ) 
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Table  14.  E/p  vs  Pin  Voltage  for  Test  HP-25. 


Pin 

Voltage 

(V) 

Voltage 
Across  Pos. 
Column 
(V) 

(1) 

Field  (E) 
(V/cm) 

(2) 

E/P 

V  (cm-torr) 

60 

440 

4.4 

5.8 

70 

380 

3.8 

5.0 

75 

300 

3.0 

3.9 

(1)  Field 

calculated  as 

V/0.10  cm 

(2)  Pressure  =  760  torr 
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in  current  due  to  field  increase  was  exponetial  in  nature. 

This  same  response  was  seen  in  the  two  electrode  configura¬ 
tions.  Again,  the  increase  in  current  seemed  to  be  due  to 
field  intensified  ionization.  When  there  is  no  secondary  emis¬ 
sion  (a  good  assumption  at  the  low  current  levels)  and  again 
noting  that  the  positive  ion  current  produced  between  the  mesh 

and  the  anode,  P.  ,  equals  the  negative  of  the  electron  cur- 
1Am 

rent  produced,  e.  ,  equation  (20)  becomes: 

Am 

I  =  (1  -  M)  (e.  -  e.)  ,  (24) 

xAm 

and  since  e.  =  Ae  ,  the  current  between  the  anode  and  the 
1Am  e 

mesh  should  be: 

I  =  (1  -  M)  (A  -  1)  e .  .  (25) 

m  l 

A  Fowler-Nordheim  plot  of  measured  current  at  constant  voltage 
should  have  the  same  relationship  to  1/V  as  the  emission  cur¬ 
rent,  this  time  with  an  intercept  higher  by  log[(l-M) ( A— 1 ) ] . 
Figure  33  shows  the  Fowler-Nordheim  plot  for  test  HP-25  at 
various  anode  voltages.  It  can  be  seen  from  that  figure  that 
the  data  does  not  fit  extremely  well,  partially  because  of  the 
scatter  in  the  data.  Within  the  scatter  of  the  points,  one 
could  hypothesize  that  all  the  lines  might  have  a  similar 
slope.  Certainly  the  intercepts  increase,  indicating  the 
expected  increase  in  amplication.  As  has  been  seen  before, 
the  currents  at  the  higher  voltages  seem  to  be  lower  than 


OG  (t/V‘) 


expected,  an  indication  of  a  space  charge  limit.  Whether 
this  was  occurring  from  field  emission  could  not  be  deter¬ 
mined  since  no  low  field  emission  data  was  available  for  this 
cathode. 

Assessment  of  LVFE  Cathodes  for  Preionization.  Despite 
the  lack  of  consistent  data,  it  is  clear  that  the  source  of 
current  in  the  discharges  observed  was  ionization  due  to  the 
field  emitted  electrons,  with  very  little  if  any  secondary 
emission.  Thus,  it  was  possible  to  detect  a  discharge  only 
during  the  field  emission  pulse.  Occasionally,  during  the 
discharge  tests,  the  current  from  the  pins  would  initiate 
a  very  unstable  discharge,  which,  were  it  not  for  the  large 
series  resistor,  would  probably  have  been  an  arc.  This  prob¬ 
lem  is  also  seen  in  the  e-beam  sustained  discharges  when 
the  field  is  too  high.  Stability  in  the  e-beam  sustained 
cases  can  be  achieved  by  pulsing  the  field  [3].  This  was  not 
attempted  here. 

Based  on  the  fact  that  test  HP-25  provided  an  amplifi- 

2  2 

cation  of  over  50  (0.30  mA/cm  to  16.5  mA/cm  )  and  that  cur- 

2 

rent  densities  as  high  as  10  mA/cm  have  been  produced,  it  is 
conceivable  that  currents  in  the  neighborhood  of  the  glow 
discharge  range  could  be  achieved  between  the  anode  and  the 
mesh.  In  that  situation,  the  LVFE  could  be  used  directly  as 
a  current  source  if  the  emitter  pulse  length  were  matched  to 
the  pulse  length  required  for  the  laser.  This  would  make  the 
LVFE  act  exactly  like  an  e-beam  but  at  lower  energy  require- 
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ments.  However,  the  fields  would  have  to  be  higher  for  the 
LVFE  since  the  amplification  mechanism  is  field  intensified 
ionization  and  not  ionization  from  the  high  energy  electrons. 
At  these  higher  values,  the  field  would  most  likely  have  to 
be  pulsed  to  be  stable. 

At  the  low  currents  produced  by  the  field  emitters  of 
tests  HP-24  and  HP-25,  it  is  doubtful  whether  a  discharge 
pulse  length  could  have  been  sustained  beyond  the  field 
emission  pulse.  The  question  remains  whether  higher  current 
levels  could  have  produced  stable  discharges  in  a  true 
preionization  mode.  In  the  tests  done  by  Jain,  et  al.  [29] , 
it  was  only  at  the  higher  field  strengths  from  the  long  pulses 
that  the  discharge  lasted  for  the  entire  pulse  length. 
Furthermore,  it  was  the  reversal  of  polarity  after  the  high 
voltage  arc  which  probably  led  to  the  stable  glow  discharge 
[8,  29].  With  higher  currents,  it  might  be  possible  to 
synchronize  the  discharge  pulse  with  the  field  emission  pulse 
so  that  the  residual  ions  can  be  used  to  preionize.  But,  the 
most  likely  technique  for  stability  would  be  to  use  a  two 
electrode  configuration  and  reverse  the  polarity  after  a 
short  burst  of  field  emission.  Reversing  the  polarity  should 
protect  the  cathode  from  the  detrimental  effects  of  the  dis¬ 
charge  . 

From  the  three  electrode  tests ,  the  ability  to  control 
the  magnitude  of  the  current  independent  of  E/p  using  the 
LVFE  cathodes  has  been  demonstrated.  In  addition,  control  of 


the  emission  would  require  only  several  hundred  volts.  This 
is  in  contrast  to  the  several  thousand  required  for  preioni¬ 
zation  or  the  150  kV  electron  beam  sustained  discharges 
which  required  separation  laser  gas  from  a  vacuum.  This 
leads  to  simpler  circuitry  and  lower  power  requirements,  a 
true  incentive  for  development  of  LVFE  controlled  lasers. 

It  should  be  mentioned  that  no  work  has  actually  been  done 
with  lasing  or  even  laser  gas.  However,  the  phenomena 
described  above  are  all  similar  in  high  pressure  gases  and 
the  lasing  is  only  a  function  of  the  current  flow  and 
uniformity.  Therefore,  there  is  no  reason  why  the  results 
shown  here  should  not  apply  to  a  true  laser  system.  However, 
it  still  must  be  demonstrated  that  the  emitters,  once 
operating,  can  survive  the  high  pressure  environment. 
Survivability  of  LVFE  Cathodes  at  Laser  Gas  Pressures 

Ironically,  the  most  serious  threat  to  the  LVFE  in  the 
high  pressure  environment  is  the  very  process  by  which 
discharges  are  sustained,  positive  ions  bombarding  the  nega¬ 
tive  cathodes.  These  positive  ions  will  sputter  the  cathodes, 
which  in  the  case  of  LVFE  cathodes  results  in  the  rounding 
and  wearing  away  of  the  tungsten  pins.  Naturally,  this 
reduces  the  field  emission  drastically  and,  had  this  occurred 
in  all  the  LVFE  tests,  the  use  of  the  cathodes  would  have 


proven  to  be  severely  limited.  Fortunately,  it  did  not. 

The  cathode  damage  observed  in  the  SEM  after  testing  was 
divided  into  three  categories:  major  damage  -  the  pins  were 
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completely  worn  down  and/or  blunted,  minor  damage  -  the  pins 
were  slightly  rounded,  but  usually  not  shortened  significantly, 
and  no  damage  -  no  discernible  change  in  pin  tip  or  length. 

To  determine  the  conditions  under  which  each  type  of 
damage  occurs,  it  is  necessary  to  examine  the  factors 
involved  in  the  sputtering  of  the  cathodes.  The  amount  of 
sputtering  of  cathodes  by  positive  ions  depends  on  a  number 
of  variables:  the  number  of  ions  produced,  the  energy  with 
which  they  are  accelerated  back  to  the  surface  and  the  mass 
of  the  ions.  The  first  variable  is  actually  made  up  of  two 
factors  since  it  depends  on  the  number  of  electrons  leaving 
the  cathode  and  the  number  of  electrons  produced  by  each  of 
those  electrons.  The  latter  value  can  be  estimated  by  using 
the  field  intensified  ionization  equation  (3) ,  at  least  in 
the  region  where  all  electrons  are  produced  by  the  field 
emitter  (i.e.,  no  secondary  emission).  Table  15  shows  a 
summary  of  those  tests  for  which  post  test  evaluation  of  pin 
condition  was  made.  Also  included  are  the  conditions 
(pressure,  voltage)  that  would  be  expected  to  be  the  most 
detrimental,  the  calculated  field  intensified  ionization  for 
that  coridition,  and  the  approximate  duration  of  the  run. 

As  will  be  seen,  the  number  of  positive  ions  returning  to 
the  cathode  explains  almost  all  the  observations. 

At  pressures  between  5  and  100  torr,  the  amount  of 
ionization  was  very  large.  Consequently,  every  test  that  was 
run  at  these  pressures  (HP-13,  HP-17,  HP-18-,  HP-21)  showed 
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major  damage  to  the  pins.  Figure  34.  Since  that  is  not  the 
desired  range  of  operation,  these  results  present  no  prob¬ 
lem.  The  tests  at  higher  pressures  are  not  as  easily 
categorized.  Tests  HP-4  and  HP-9  for  example,  were  both  run 
in  the  two  electrode  configuration,  and  both  had  high  current 
density  discharges.  Test  HP-4  resulted  in  minor  damage. 
Figure  35,  while  test  HP-9  resulted  in  very  severe  damage. 
Figure  36a.  The  current  densities  for  HP-9  were  on  the 
order  of  glow  discharge  which  means  that  the  cathode  was 
subject  to  the  same  type  of  sputtering  which  plagues  the  life 
of  solid  metal  cathodes.  Clearly,  the  small  tungsten  pins 
cannot  take  that  kind  of  abuse. 

Four  tests  showed  no  ion  milling  at  all  (HP-7,  HP-14, 

HP-24,  HP-25),  Figure  36b.  These  tests  were  all  run  at 

conditions  at  which  no  amplification  was  expected.  In  addi- 

2 

tion,  the  current  densities  were  all  under  13  mA/cm  .  These 
tests  indicate  that,  with  moderate  current  and  the  right 
conditions,  minimal  pin  damage  occurs.  An  interesting  com¬ 
parison  of  damage  can  be  made  using  cathode  E20-1  which  was 
run  both  with  no  ionization  (HP-7)  and  with  significant 
ionization  (HP-9) ,  Figure  36.  Clearly,  this  demonstrates  the 
effect  of  ionization  on  the  cathodes. 

The  remaining  tests  were  all  somewhat  unique.  Test 
HP-23  was  operated  at  0.030  torr.  At  this  pressure  little 
ionization  would  be  expected.  However,  the  very  large 
current  densities  would  translate  into  very  heavy  positive 


Example  of  Major  Damage  to  LVFE  Structure 
(Cathode  L19D-B,  Test  HP-21)  at  13  Torr, 
X7500,  45°. 


Figure  36.  Comparison  of  Damage  to  LVFE  Cathode  E20-1  at 

(a)  High  Accelerating  Field  (Test  HP-9)  and  (b) 
Low  Accelerating  Field  (Test  HP-7),  X7500,  45°. 


ion  bombardment.  Test  HP-1  was  run  with  laser  gas,  and  under 
conditions  which  produced  a  significant  amount  of  ionization. 
While  no  ion  milling  was  observed,  a  build-up  on  the  pins  did 
occur.  Figure  37.  This  was  probably  due  to  the  ionizing  of 
carbon,  and  could  be  avoided  if  conditions  of  lower  ionization 
were  used.  Only  test  HP-19  lacked  satisfactory  explanation 
because  milling  was  noticed  even  though  little  ionization 
would  be  expected.  This  test  was  run  for  a  longer  period  of 
time  than  most,  but  most  of  the  test  was  made  at  low  current 
densities  (see  Table  B-14) .  Test  HP-7  was  run  for  1/3  the 
time  of  HP-9,  but  at  over  10  times  the  current  density  with  no 
effect  on  the  pins.  However,  the  voltage  at  which  the  cathode 
for  test  HP-19  was  run  was  over  100  V  higher  than  for  the  four 
tests  where  cathode  damage  was  negligible.  The  effect  of 
increased  voltage  can  be  understood  if  one  considers  the  move¬ 
ment  of  positive  ions  in  the  direction  of  an  electric  field. 
These  ions  will  achieve  a  drift  velocity  proportional  to 
the  field  once  they  have  made  several  collisions  under  that 
field's  influence.  Away  from  the  cathode,  the  field  on  the 
ions  was  that  between  the  collector  and  the  pins  while  in  the 
neighborhood  of  the  pins,  the  field  was  enhanced  by  the  pin 
geometry  and  depended  on  the  pin  voltage  (since  the  extractor 
was  always  ground) .  In  a  vacuum,  the  mean  free  path  of  the 
ions  is  large  and  most  collisions  are  made  in  the  external 
field.  At  the  high  pressure  conditions,  however,  the  mean 
free  path  of  the  ions  was  very  small  ("vO.3  pm  at  760  torr  for 
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He+  18])  and  the  ions  probably  were  influenced  by  the 
enhanced  field  since  they  would  make  many  collisions  near  the 
pins.  Thus,  the  pin  voltage  controlled  the  drift  velocity 
and  thus  the  momentum  of  the  ion.  This  extra  energy  imparted 
to  the  ion  appears  responsible  for  the  damage  seen  in  test 
HP-19  and  was  an  indication  that  pin  voltage  should  be  kept 
low  to  avoid  this  damage. 

From  the  above  discussion,  it  is  clear  that  the  LVFE 
can  survive  if  the  pressure  is  kept  high  enough  to  avoid  the 
deleterious  range  of  intense  field  ionization.  Pressures 
above  500  torr  should  accomplish  this.  Secondly,  voltage 
on  the  pins  should  be  kept  as  low  as  possible  to  avoid 
providing  excess  energy  to  the  positive  ions.  Finally, 
discharges  with  the  LVFE  as  the  cathode  should  be  avoided. 

Composite  Electrode  Tests 

The  purpose  of  the  electrode  discharge  tests  was  to 
evaluate  the  unidirectionally  grown  composites  for  use  as 
electrodes  in  CC>2  laser  discharges.  As  has  been  previously 
described,  there  are  several  reasons  why  these  composites 
might  offer  advantages  over  conventional  electrodes.  If 
these  advantages  are  realized,  they  would  be  observed  in  the 
uniformity  of  the  discharge  and  a  favorable  improvement  in 
the  discharge  voltage-current  characteristics.  In  this  sec¬ 
tion,  the  results  of  the  discharge  tests  are  discussed  in 
light  of  those  potential  advantages. 

Initially,  cr. :  hode  fall  of  the  electrodes  listed  in 
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Table  6  was  measured  using  a  CW  discharge.  For  each  of  the 
electrodes,  a  great  deal  of  data  was  taken.  However,  only 
those  tests  for  which  conditions  appeared  to  meet  the 
criteria  for  a  "normal"  glow  are  reported.  Appendix  D 
contains  the  raw  data  and  conditions  for  each  test. 

The  discharge  voltage  drop,  VD,  versus  pressures 
times  distance,  pd,  for  each  composite  electrode  is  plotted 
in  Figure  38.  For  each  set  of  data,  a  least  square  fit  of 
supply  voltage,  V  ,  versus  current,  I,  was  calculated. 

Table  16.  The  intercept  of  this  fit  is  an  estimate  of  the 
cathode  fall.  The  lines  drawn  in  Figure  38  show  that  the 
calculated  values  are  reasonable  extrapolations  of  the  pd 
vs  VD  data  which  should  level  off  to  the  cathode  fall  value. 
However,  the  data  in  most  cases  seems  to  level  at  a  value 
higher  than  the  calculated  intercept.  In  fact,  one  expects 
the  discharge  voltage  drop,  VD,  to  level  off  near  the  minimum 
and  not  take  the  dip  the  calculated  values  indicate.  This 
dip  may  in  fact  be  because  data  at  pd  less  than  2  cm-torr 
could  not  be  taken  and  thus  the  extrapolation  could  not 
predict  the  leveling  off.  Perhaps,  a  better  estimate  could 
be  made  by  using  the  actual  value  that  VD  appeared  to  be 
approaching.  This  technique  results  in  the  values  which  are 


also  shown  in  Table  16  (no  estimate  was  made  for  U-2E  since 
this  data  had  not  yet  leveled  off) .  The  fact  that  there  is  a 


strong  (.906)  correlation  between  the  two  approaches  indi¬ 
cates  that  either  can  be  used  for  comparison  among  the  elec- 


L'-'V*  • 


Table  16.  Cathode  Fall  Summary  for  CW  Discharge  Tests. 
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trodes  tested. 

A  direct  comparison  between  the  cathode  fall  values 
measured  here  and  published  data  was  not  possible  since  this 
value  depends  on  both  the  cathode  and  the  gas.  Naturally, 
there  is  no  data  available  for  the  composites.  While  there 
is  much  data  for  aluminum,  it  is  not  for  the  specific  gas 
mixture  used  here.  It  has  been  estimated  that  the  cathode 
fall  for  copper  in  the  same  gas  mixture  is  about  350  V  [16] . 

For  a  variety  of  gases,  the  ratio  of  the  cathode  fall  for 
copper  to  that  of  aluminum  is  about  1.5,  Table  2.  Thus, 

230  V  is  probably  a  reasonable  estimate  for  the  aluminum 
cathode  fall.  That  this  agrees  with  the  value  shown  in 
Table  16,  again  indicates  that  the  experimental  values  can  be 
used  for  comparison. 

In  addition  to  the  CW  cathode  fall  data,  cathode  fall 
data  was  also  taken  using  the  pulsed  configuration.  The 
conditions  and  raw  data  for  these  tests  are  presented  in 
Appendix  D.  As  with  the  CW  tests,  either  pd  vs  VD,  Figure 
39,  or  a  least  square  fit  of  Vg  vs  I,  Table.  17,  can  be  used 
to  estimate  the  cathode  fall.  Because  the  major  purpose  of 
these  tests  was  observation  of  the  discharge,  many  tests  were 
performed  with  d  =  0.3  cm,  resulting  in  even  larger  pd  values 
than  for  the  CW  tests.  In  addition,  the  lower  series 
resistances  resulted  in  higher  currents  which  may  have  exceeded 
the  normal  glow  range.  Thus,  using  the  cathode  fall  data 
quantitatively  is  difficult.  However,  once  again  the  cathode 
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Figure  39.  Discharge  Voltage,  VD,  Versus  Pressure  Times 
Distance,  PD,  for  Pulsed  Discharge  Tests  of 
Composite  Electrodes  (a)  AL-1  and  U-2,  (b) 
G-2 ,  U-1E  and  U-3. 


Table  17.  Cathode  Fall  Summary  for  Pulsed  Discharge 
Tests. 


Cathode 

Cathode  Fall 
(V) 

2 

r 

Slope 

(KR) 

Resistance 
(K£ ) 

Aluminum  (AL-1) 

187 

0.  995 

90.9 

68 

U02-W  (U-2 ) 

329 

0.954 

99.5 

68 

uo9-w 

386 

0.  944 

100.5 

68 

(Exposed  pin)  (U-1E) 

Gd20^-Ce203-Mo 
(Exposed  pin)  (G-2E) 


553 


0.980  95.12 


68 
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fall  for  the  aluminum  samples  was  well  below  that  for  the 
composite  electrodes,  qualitatively  confirming  the  CW  results. 

That  the  cathode  fall  for  an  aluminum  sample  was  less 
than  that  for  the  composites,  especially  the  exposed  pin 
samples,  was  disappointing.  A  low  cathode  fall  is  an  indica¬ 
tion  of  the  secondary  emission  characteristics  of  the  elec¬ 
trode.  It  had  been  hoped  that  the  composite  electrodes, 
especially  those  with  exposed  pins.  Figure  40,  would  have 
a  lower  cathode  fall  than  solid  metal  electrodes.  The  higher 
cathode  fall  from  the  composites  indicated  that  field  emis¬ 
sion  was  not  taking  place. 

In  the  cathode  fall  region,  a  voltage  drop  of  about 
300  V  is  expected  across  a  distance  of  about  0.013  cm  (at 

4 

100  torr)  [8]  or  a  field  strength  of  2.3  x  10  V/cm.  In 
order  to  provide  fields  sufficient  for  field  emission  (3  x 
107  V/cm) ,  an  enhancement  on  the  order  1000  in  the  cathode 
fall  region  would  be  necessary.  Even  at  higher  pressure 
where  the  field  across  the  cathode  region  is  greater,  enhance¬ 
ments  of  over  100  would  be  necessary.  In  the  exposed  pin 
field  emission  work,  dimensionless  field  enhancement  factors 
of  only  between  6  and  17  were  observed  [39,  41].  Thus,  it  is 
apparent  that  field  emission  from  the  composites  would  not  be 
expected  and  the  present  results  confirm  this. 

Despite  the  lack  of  any  cathode  fall  advantage,  it  is 
still  possible  that  the  composites  could  offer  advantages  in 
the  stability  and  uniformity  of  the  discharge  at  high  pres- 
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sures.  The  high  pressures  pulse  discharge  tests  were 
designed  to  examine  those  aspects  of  th<_-  discharge.  An 
important  observation  made  during  the  low  pressure  pulse  tests 
was  that  discharge  stability  was  improved  with  finer  polishing. 
Consequently,  the  electrodes  used  in  the  high  pressure  tests 
were  all  polished  to  a  0.3  pm  finish. 

A  description  and  the  raw  data  for  these  tests  are 
presented  in  Appendix  D.  It  can  be  seen,  Figure  41,  that 
the  minimum  sparking  voltage  as  a  function  of  pressure  is  not 
significantly  different  for  the  three  electrodes  tested. 

This  was  expected  since  at  higher  pressures  the  sparking 
voltage  is  independent  of  the  cathode  material.  Howeve  , 
there  was  a  difference  observed  in  discharge  uniformity. 

The  polished  UC^-W  sample  provided  a  stable  discharge  up  to 
250  torr,  while  the  aluminum  cathode  only  up  to  180  torr. 

When  the  aluminum  cathode  arced  (about  200  torr) ,  the  arcs 
were  confined  to  two  spots  in  the  neighborhood  of  the  wall. 
However,  when  the  polished  U02  began  to  arc  (at  about  350 
torr) ,  the  arcs  were  all  across  the  area  of  the  cathode  with 
a  glow  still  spread  across  the  surface  at  380  torr.  The 
arcs  observed  on  the  surface  of  the  UC^-W  electrode  were 
probably  similar  to  those  from  the  aluminum  electrode.  However, 
because  of  the  uniformly  dispersed  metal  in  the  composite, 
the  discharge  remained  somewhat  uniform.  This  shows  that 
the  UC>2~W  electrodes  behave  like  the  pin-type  electrodes. 
Apparently,  when  the  current  got  very  high  in  any  pin,  that 
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Figure  41.  Minimum  Sparking  Voltage  versus  Pressure  for 
Composite  Electrodes  AL-1,  U-3,  U-1E. 
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pin  burned  out  and  a  localized  arc  could  not  be  maintained. 
This  is  confirmed  by  the  post  test  analyses  which  showed  sev¬ 
eral  pins  completely  removed,  Figure  42a.  The  role  the  oxide 
played  in  the  improved  stability  is  not  clear  since  it  was 
impossible  to  tell  if  the  secondary  emission  was  from  the 
metal  pins  or  the  oxide  matrix.  The  etched  UC^-W  composite, 
like  the  polished  cc  osite,  spread  the  arcs  uniformly  across 
the  surface.  However,  there  was  a  great  deal  of  flickering 
across  the  surface  at  pressures  as  low  at  200  torr.  Post-test 
examination  revealed  mass  destruction  of  several  areas  of  the 
cathode,  Figure  42b.  This  damage  is  very  typical  of  vacuum 
arc  pin  destruction  observed  from  exposed  pins  [39].  Whether 
field  emission  was  important  at  the  higher  pressures  could  not 
be  determined.  If  the  field  emission  process  were  active,  it 
probably  only  served  to  increase  current  density  over  a 
localized  area  and  was  then  a  very  likely  cause  of  the  arcs. 
Stability  over  a  period  of  time,  after  the  very  high  field 
emitting  pins  burned  out,  is  a  possibility  that  was  not 
examined,  nor  was  the  operation  of  the  electrodes  at  higher 
pressure  with  lower  current.  The  limited  testing  discussed 
here  did  indicate  that  there  is  conceivably  an  advantage  to 
the  polished  UC^-W  cathodes  in  terms  of  stability,  at  least 
over  the  aluminum  cathode  tested.  The  exposed  pin  UC>2-W 
cathode  appeared  to  offer  no  advantage  over  the  other  elec¬ 
trodes  . 

It  must  be  remembered  that  very  little  was  done  to 
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Figure  42.  Examples  of  Damage  at  High  Pressure  to  Composite 
Electrodes  (a)  Polished  UO?-W  (b)  Exposed  Pin 
U02-W,  X2500,  20°. 
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optimize  the  performance  of  the  electrodes  tested  and  that 
the  composite  testing  at  high  pressure  was  limited  to  only 
U02~W  samples.  No  Gd202-Ce20^~Mo  composite  electrodes  were 
assessed  at  high  pressure. 
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CHAPTER  V 

CONCLUSIONS  AND  RECOMMENDATIONS 

Conclusions 

High  pressure  (up  to  760  torr)  field  emission  in 
helium  from  Low  Voltage  Field  Emitter  (LVFE)  arrays  has  been 
demonstrated  under  conditions  which  pose  minimal  damage  to 
the  LVFE  pins.  Control  of  the  magnitude  of  discharge  cur¬ 
rents  at  constant  field  has  been  accomplished  by  varying 
the  emission  from  the  LVFE  structure.  Although  true  preioni¬ 
zation  was  not  achieved  for  the  conditions  tested,  the  LVFE 
structure  has  been  shown  to  be  a  potentially  viable  technique 
for  independent  control  of  field  (and  E/p)  and  current  for 
atmospheric  pressure  gas  lasers. 

Oxide-metal  composites  of  compositions  UO2-W  and 
<^203'’<"'e2°3~Mo  usei^  as  electrodes  have  been  shown  to  offer 
no  advantage  over  a  standard  aluminum  electrode  in  the  con¬ 
trol  of  gas  discharge  characteristics.  Cathode  falls  for 
both  the  polished  and  exposed-pin  composites  were  signifi¬ 
cantly  higher  than  for  the  aluminum  electrode.  An  exposed 
pin  UC^-W  composite  was  less  stable  than  an  aluminum  elec¬ 
trode  at  high  pressure,  while  a  polished  UC^-W  electrode 
provided  only  marginally  improved  stability. 
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Recommendations 

The  performance  of  the  composites  as  discharge  elec¬ 
trodes  indicated  that  the  probability  of  obtaining  lasing 
advantages  is  small.  Consequently,  no  additional  work  in 
that  area  will  be  recommended.  Conversely,  the  LVFE  struc¬ 
tures  were  shown  to  be  very  promising  and  the  remainder  of 
this  section  is  devoted  to  recommendations  for  continued 
research  in  the  area  of  preionization. 

Undoubtedly,  one  of  the  most  important  general  con¬ 
siderations  for  successful  use  of  the  LVFE  cathode  is  the 
magr.  ude  of  emission  at  high  pressure.  Higher  emission  should 
result  in  more  stable  discharges  and  more  flexibility  in  the 
control  of  discharge  current  by  the  LVFE.  The  effects  of 
space  charge  and  contamination  should  be  examined  as  well  as 
the  use  of  general  improvements  in  LVFE  structure  that  are 
presently  being  developed.  In  all  high  pressure  emission 
work,  the  long  term  effects  of  the  environment  on  emissic:. 
levels  should  be  evaluated. 

In  addition  to  the  improvement  of  emission,  several 
specific  programs  could  be  developed  which  would  lead  directly 
to  the  use  of  the  LVFE  structure  in  lasers.  The  most  direct 
approach  is  with  the  two  electrode  configuration,  using  a 
short  (0.1-1. 0  nsec)  emission  pulse  from  the  LVFE  followed  by  a 
longer  (10-100  nsec)  pulse  reversing  the  polarity  and  using 
the  collector  as  the  cathode.  This  would  serve  to  simulate 
the  conditions  used  in  many  of  the  double  discharge  techniques 
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but  with  the  first  pulse  at  a  significantly  lower  voltage. 

The  two  electrode  configuration  has  an  advantage  in  that  it 
may  not  be  necessary  for  the  electrons  to  travel  far  from 
the  cathode,  reducing  the  effect  of  space  charge.  In  addi¬ 
tion,  reversal  of  polarity  should  provide  protection  for  the 
pins  from  the  positive  ions.  This  is  probably  the  only 
configuration  in  which  true  preionization  could  be  achieved 
and  that  would  depend  on  the  emission  current  density  obtain¬ 
able  from  the  LVFE. 

An  alternative  to  two  electrode  preionization  would  be 
to  sustain  a  discharge  in  the  three  electrode  configuration. 
Here  the  magnitude  of  current  arriving  at  the  mesh  is  critical 
and  space  charge  would  be  important.  An  attempt  should  be 
made  to  sustain  the  discharge  duration  beyond  the  emission 
pulse  using  discharge  pulses  synchronized  to  follow  the  emis¬ 
sion  pulse.  Also,  the  use  of  LVFE  emission  pulses  to  sustain 
a  discharge  could  be  considered. 
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GROWTH  OF  UNIDIRECTIONAL  OXIDE-METAL  COMPOSITES 

This  appendix  describes  briefly  the  basic  techniques 
involved  in  the  growth  of  the  two  unidirectionally  oxide- 
metal  composites  used  in  this  research,  U02~W  and 
Gd^O^-Ce^O^-Mo. 

uo2=w 

The  U02-W  composites  were  grown  using  a  modified 
floating  zone  technique  in  which  pressed  rods  of  a  94%  U02 , 

6%  W  oxide-metal  mixture  were  sintered  with  rf-heated 
molybdenum  tubes  in  an  inert  atmosphere.  After  this  initial 
heating,  which  served  to  densify  and  preheat  the  material  as 
well  as  to  increase  the  electrical  conductivity  of  the  oxide, 
the  molybdenum  tube  heaters  were  separated  to  expose  the 
sample  to  an  rf  field  (normally  between  3  and  5  MHz) .  The 
heating  continued  until  the  interior  of  the  rod  melted  at 
temperatures  up  to  3000°C.  The  solid  skin  of  the  rod  was 
well  below  the  eutectic  temperature  of  the  mixture  and  acted 
as  a  crucible  to  contain  the  molten  zone.  Composite  growth 
was  obtained  by  moving  the  molten  zone  up  through  the  rod. 

The  rate  of  movement  of  the  molten  zone,  oxide  stoichiometry, 
and  other  parameters  play  an  important  role  in  the  final 
structure  of  the  composite.  Additional  details  on  the  growth 


as  well  as  optimization  of  the  growth  parameters  can  be 
found  in  reference  [41]. 

Gd^O^-Ce^O^-Mo 

The  technique  used  for  growing  this  composite  was 
similar  to  that  for  described  above,  i.e.,  a  modified 

floating  zone  technique.  The  oxide-metal  mixture  used  was 
68%  Gd^O^,  20%  Ce20^r  and  12%  Mo.  Only  limited  effort  has 
been  done  at  the  Georgia  Institute  of  Technology  with  the 
growth  of  this  and  other  rare-earth  oxides.  This  information 
is  included  in  reference  [45], 
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APPENDIX  B 


LVFE  PREIONIZATION  SOURCE  TESTS 

This  appendix  describes  each  of  the  tests  (HP-1 
through  HP-25)  in  the  LVFE  preionization  source  phase  of  this 
study.  A  summary  of  the  test  conditions  is  provided  in 
Table  B-l ,  while  a  description  of  the  LVFE  cathodes  is  pro¬ 
vided  in  Table  B-2.  A  detailed  description  of  the  test 
configurations  has  been  presented  in  the  text,  Table  7,  and 
this  information  will  not  be  repeated  unless  it  is  of  specific 
interest  to  the  particular  test. 


Test  HP-1 

Cathode  S-11C  had  previously  been  used  in  vacuum  LVFE 
investigation  and  was  run  in  Test  HP-1  using  the  mixture  of 
laser  gas  used  in  the  discharge  tests.  At  500  torr,  erratic 
emission  current  of  2-3  yA  was  measured  with  +67  V  on  the 
collector  and  -100  V  on  the  pins  (voltage  between  the  tungsten 
pins  and  the  molybdenum  extractor) .  The  voltage  on  the  col¬ 
lector  was  increased  to  +300  V,  and  the  emission  current  rose 
to  between  10  and  20  yA. 

Throughout  the  15  minutes  of  the  0.5%  duty  cycle  opera¬ 
tion  (100  ysec/50  Hz) ,  the  emission  current  declined.  Examin¬ 
ation  in  the  SEM  indicated  a  thickening  at  the  tips  of  the 
pins,  Figure  37. 
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Table  B-l.  Preionization  Source  Test  Summary. 


Test  # 

Cathode 

Pressure  Range 
(torr) 

Test  Description 

HP-1 

S-  11C 

500 

Emission  test  -  laser  gas 

HP- 2 

S-llC 

500 

Emission  test  -  argon 

HP- 3 

L-44C 

500 

Emission  test 

HP-4 

E17-1 

500 

Emission  test/two  electrode 
discharge 

HP-5 

E17-1 

500 

Emission  test 

HP-6 

L19B 

500 

Emission  test 

HP-7 

HP- 8 

E20-1 

500 

(No  Test) 

Emission  test 

HP-9 

E20-1 

500 

Two  electrode  discharge 

HP-10 

E17-1 

500 

Emission  test 

HP-11 

HP-12 

E20-1 

500 

(No  Test) 

Three  electrode  discharge/ 
emission  test 

HP- 13 

L19D-A 

7.7 

Three  electrode  discharge/ 
e  .ission  test 

HP-14 

El  3-2 

500 

Emission  test/three  electrode 
discharge 

HP-15 

JP9-1 

39-500 

Variable  pressure  emission 

HP-16 

JP9-1 

350 

Emission  test/three  electrode 
discharge 

HP-17 

JP9-1 

31 

Emission  test/three  electrode 
discharge 

HP-18 

L19E 

34 

Emission  test 

HP- 19 

JP9-3 

500 

Emission  test 

HP-20 

L19D-B 

8-220 

Emission  test 

HP-21 

L19D-B 

13 

Emission  test/discharge  test 

HP- 2  2 

JP9-2 

10'6 

Emission  test 

HP-23 

JP9-2 

10-6/760/. 030 

Emission  test 

HP- 2  4 

El-2 

10"6/760 

Emission  test/three  electrode 
discharge 

HP-25 

ER+E 

10_f/760 

Emission  test/three  electrode 
discharge 

Table  B-2.  LVFE  Cathode  Suninary 


Cathode 

4  (1) 

Area  x  10 
(cm2 ) 

(2) 

Pin  Height v 
(pm) 

Hole  Diameter 
(ym) 

Factor  ^ 
( cm” 2 ) 

S-11C 

5.4 

2.  3 

2.1 

1852 

L-44C 

6.1 

2.5 

2.4 

1639 

E17-1 

6.5 

2.6 

3.3 

1529 

L19B 

9.6 

2.8 

3.1 

1039 

E20-1 

4.7 

2.6 

3.7 

2130 

L19D-A 

7.  8 

4.0 

1.3  x  2 . 7  ^ 4  ^ 

1283 

E13-2 

8.0 

4.2 

2.4 

1243 

JP9-1 

7.0 

3.8 

4.0 

1415 

L19E 

14.0 

3.4 

3.4 

699 

JP9-3 

8.3 

4.7 

2.6  x  6.6(4) 

1205 

L19D-B 

8.3 

6 . 4 

4.0 

1201 

JP9-2 

20.3 

3.3 

4.0 

493 

El-2 

13.  3 

2.3 

3.0 

747 

ER+E 

9.0 

4.2 

2.4 

1101 

(2) Area  of  active  area 

J-JaII  pins  pointed  except  L44C  -  cylindrical 
Factor  times  current  =  current  density 
Elliptical  hole  -  minor  x  major  axis 
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Test  HP-2 

The  identified  accumulation  from  HP-1  rinsed  off 
cathode  S-11C  with  HF  and  that  cathode  was  rerun  in  argon  at 
500  torr.  Once  more  erratic  emission  in  the  10  yA  ran  was 
observed  and  emission  died  more  rapidly  than  in  Test  HP-1. 
After  15  minutes  of  operation,  emission  was  only  2  pA.  SEX 
post-test  examination  showed  that  the  pin  tips  had  been 
severely  ion-milled. 


Test  HP-3 

No  500  torr  emission  was  detectable  with  cathode  L44C. 
This  cathode  had  cylindrical  pins. 

Test  HP-4 

In  order  to  avoid  the  ion  milling  properties  of  argon 

and  to  prevent  the  coating  which  seemed  to  result  from  the 

laser  gas,  it  was  decided  to  use  helium  in  all  subsequent 

tests.  This  test  (E17-1)  was  the  first  to  demonstrate  stable 

high  pressure  field  emission.  Table  B-3  summarizes  the 

emission  data.  During  -80  V  emission,  the  current  was  seen 

to  drop  and  consequently,  the  -100  V  emission  was  not  as  high. 

When  the  pulse  length  was  raised  to  100  psec,  the  emission 

increased.  This  was  probably  due  to  the  charging  time  of  the 

100  kn  resistor  being  so  long  that  much  of  the  current  of  the 

shorter  pulses  was  masked.  At  the  high  emission  value  (24.5 
2 

mA/cm  )  with  +67  V  was  on  the  collector,  a  glow  on  the 
cathode  was  observed.  At  +  300  V  on  the  collector,  a  column 


149 


Table  B- 

3.  Field 
(500 

Emission  from 
torr)  . 

Cathode  E17-1,  Test 

HP-4 

Pulse 

Length 

(usee) 

Applied 
Voltage 
(V)  ' 

Emission^ 

Current 

(uA) 

Emission 
Current  Density 
(mA/cm2 ) 

Leakage 

Current 

(mA) 

50 

-60 

1.6 

2.4 

0.1 

50 

-80 

16.0 (2) 

24.5 

0.2 

50 

-100 

10.0 

15.3 

0.4 

100 

-100 

16.0 

24.5 

0.3 

!~!+67  V  on  collector. 

J Decreased  with  time  to  below  10  pA. 
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of  ionization  became  visible  and  a  current  of  200  pA  (0.1 
2 

A/cm  )  was  measured  with  only  -6  0  V  on  the  pms.  Operation 
at  the  0.5%  duty  cycle  with  +  67  V  on  the  collector  and  -100 
V  on  the  pins  was  continued  for  15  minutes  with  no  loss  of 
emission  (15  pA) .  SEM  examination  revealed  some  minor  melting 
of  the  tips  and  some  pins  missing,  but  there  was  no  mass 
destruction  of  the  surface  and  no  major  arcs. 

Test  HP-5 

Cathode  E17-1  was  remounted  and  tested.  Now,  emission 

much  more  sluggish  than  in  the  previous  test.  Emission  was 

not  detected  until  -100  V  was  on  the  pins,  and  then  only 
2 

2  pA  (3  mA/cm  )  emission  was  measured.  Even  up  to  -170  V 

2 

only  4  pA  (6.1  mA/cm  )  was  measured.  During  this  test,  the 
cathode  inadvertantly  shorted.  Despite  the  low  emission,  no 
additional  destruction  due  to  this  test  was  observed. 

Test  HP-6 

This  test,  like  HP-5,  was  short  lived.  Emission  from 

2 

cathode  L19B  was  measured  at  3.0  pA  (3.1  mA/cm  )  at  -80  V, 
but  the  sample  shorted  when  the  pin  voltage  was  raised  to 
-100  V. 


Test  HP-7 

This  test  was  the  second  which  demonstrated  signifi¬ 
cant  high  pressure  emission.  The  cathode  used  in  this  test, 
E20-1,  had  a  very  non-uniform  active  area.  In  addition,  the 
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silica  and  molybdenum  films  did  not  adhere  well  in  the  deposi¬ 
tion.  Nevertheless,  with  -110  V  on  the  pins,  emission  of 
6.2  ym  at  500  torr  wi.  measured,  Table  B-4.  The  test  was 
run  for  15  minutes  with  no  change  in  the  emission.  Examination 
of  the  active  area  showed  no  major  arcs  or  ion-milled  pins. 
There  was  a  slight  increase  in  the  lifting  of  the  films. 

Test  HP-9 

Cathode  E20-1  was  remounted  and  retested,  again  at 
500  torr.  This  time  the  +  67  V  that  had  been  on  the  collector 
was  increased  to  +  300  V.  When  emission  started,  a  glow 
between  the  collector  and  the  cathode  was  observed  similar  to 
that  in  Test  HP-4.  Table  B-5  shows  the  emission  measured  as 
a  function  of  applied  voltage  on  the  pins.  When  the  voltage 
was  removed  from  the  pins,  and  +350  V  placed  on  the  collector, 
a  discharge  was  observed.  This  discharge  was  erratic  and 
random  in  position  going  from  the  collector  to  the  shortest 
path,  not  to  the  center  of  the  cathode  as  when  emission  was 
present.  At  -90  V  on  the  pins,  emission  became  less  stable 
and  began  to  resemble  the  dc  discharge. 

With  +300  V  still  on  the  collector,  the  emission  cur¬ 
rent  was  observed  at  a  range  of  pressures  between  300  and 
500  torr.  Gradually  during  this  test  the  voltage  at  which 
the  emission  became  less  stable  increased  from  -90  to  -100 
V.  Since  the  pressure  was  not  varied  unidirectionally ,  the 
increase  was  not  directly  associable  to  any  particular 


Table  B-4.  Field  Emission  from  Cathode  E20-1,  Test  HP-7 
( 500  torr) . 


Applied  Voltage 
(V) 

Emission  Current^ 

(ViA) 

Emission  Current  Density 
(mA/cm2 ) 

-90 

2.0 

4.3 

-96 

3.5 

7.5 

-100 

4.2 

8.9 

-110 

6.2 

13.2 

^+67  V  on  collector. 
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Table  B-5. 

Emission  from  Cathode 

E20-1 ,  Test 

HP-9  (500  torr 

Applied 

Voltage 

(V) 

Emission  Current^ 
(pA) 

Current 
Density 
(mA/cm* ) 

Description 
of  Column  of 
Ionization 

-76 

30 

64 

Slight  Glow 

-80 

150 

319 

Stable  Glow 

-84 

300 

639 

Stable  Glow 

-9  0 

350-400 

746-852 

Tendency  to 
Arc 

^+300  V  on  colltector. 
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pressure  range.  In  fact,  if  this  slight  degradation  in 
cathode  performance  is  ignored,  no  effect  of  pressure  change 
was  seen. 

The  cathode-collector  separation  was  changed  from  one 
mm  to  two  mm  and,  leaving  the  cathode  untouched,  emission 
data  was  recorded  with  +300  V  on  the  collector.  Table  B-6. 

No  current  {no  discharge)  was  measured  with  450  V  DC  across  the 
anode  and  no  voltage  on  the  LVFE. 

SEM  analysis  of  cathode  E20-1  after  the  above  testing 
indicated  that  the  pins  had  been  shortened  considerably.  An 
examination  of  the  active  area  also  showed  that  extensive 
damage  had  been  done  to  the  extractor  film.  For  this  reason 
it  was  decided  that  in  future  tests  the  cathode  should  be 
protected  from  the  main  discharge.  To  accomplish  this,  a 
wire  mesh  electrode  was  placed  between  the  cathode  and  what 
had  previously  been  the  collector.  The  previous  collector 
was  now  the  anode  for  the  main  discharge,  while  the  wire  mesh 
served  the  dual  purpose  as  collector  for  emission  and  cathode 
for  the  main  discharge.  In  this  way,  it  was  hoped  that  the 
high  current  discharges  and  associated  positive  ions  would  be 
kept  away  from  the  LVFE  cathode.  Most  subsequent  tests  used 
this  three  electrode  configuration.  The  circuit  and  design 
of  this  set  up  have  previously  been  discussed,  Chapter  III. 

Test  HP-10 

The  short  in  cathode  E17-2  was  burned  out  and  emission 
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Table  B-6.  Field  Emission  from  Cathode  E20-1  at  Two  Collec¬ 
tor  Spacings,  Test  HP-9  (500  torr) . 


•  * 

Voltage 

Applied 

Emission  Current ^ 

Emission  Current ^ 

(V) 

at  1  mm  spacing  ( pA) 

at  2  mm  Spacing  (pA) 

-80 

-90 

2.0 

6.0 

{Not  Detected 

1 

-100 

60.0 

12.0 

j 

1 

-104 

-114 

{Not  Measured 

15.0 

30.0 

^+67  V  on  collector. 
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2 

as  high  as  6  pA  (9.1  mA/cm  )  was  measured  at  -100  V  on  the 
pins.  Again  a  glow  on  the  surface  was  observed  before  this 
cathode  shorted  for  good. 

Test  HP-11 

This  was  the  first  test  to  use  the  three  electrode 

configuration  and  used  cathode  E20-1.  The  wire  mesh  was  placed 

at  a  potential  of  +67  V.  When  +600  V  was  placed  on  the  anode, 

a  discharge  of  about  5  pA  was  measured  at  the  collector.  It 

should  be  remembered  that  a  discharge  differs  from  emission 

in  the  polarity  of  the  current;  in  the  latter,  electrons 

flow  from  the  collector  to  ground,  while  in  the  former  they 

flow  from  the  collecto  to  the  anode.  With  +375  V  on  the 

anode  a  slight,  unmeasurable  discharge  was  observed.  With 

only  +300  V  on  the  anode,  no  discharge  was  observed.  All 

the  discharges  discussed  above  occurred  when  the  pin  voltage 

was  a  -220  V.  When  the  positive  voltage  was  removed  from  the 

2 

anode,  emission  of  1  pA  (2.1  mA/cm  )  was  observed  in  the  same 
voltage  range  (-200  to  -220  V).  Unfortunately,  this  cathode 
shorted  before  further  tests  could  be  made.  The  active  area 
of  this  cathode  had  been  in  such  terrible  shape  before  test 
HP-11,  that  the  post-test  SEM  examination  proved  inconclusive. 

Test  HP-13 

Cathode  L19D-A  did  not  emit  at  500  torr  even  with 
+300  V  on  the  wire  mesh.  At  -150  V  on  the  pins,  the  leakage 
became  unstable  and  this  voltage  was  raised  no  higher. 


i 
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Instead  of  discarding  the  cathode,  the  pressure  was  dropped 

to  7.7  torr  and  emission  tested.  Now  extremely  high  emission 

was  observed  as  indicated  in  Table  B-7.  Emission  could  not 

be  detected  at  any  pressure  greater  than  40  torr.  At  7.7 

torr,  a  discharge  was  observed  when  +300  V  was  placed  on  the 

anode  and  the  pin  voltage  was  raised  to  -80  V.  (Discharge 

current  was  not  measured.)  When  the  anode  voltage  was 

removed,  the  emission  became  much  more  sluggish.  No  emission 

was  measurable  until  -110  V  was  applied  to  the  pins  and  only 
2 

68  yA  (84  mA/cm  )  could  be  detected  with  as  much  as  -140  V 
on  the  pins.  Now  with  +300  V  on  the  anode,  no  discharge 
could  be  observed  until  -125  V  was  on  the  pins.  This  corre¬ 
sponded  to  the  voltage  at  which  emission  began,  and  indicated 
that  the  discharge  coincided  with  emission  from  the  cathode. 
With  no  voltage  on  the  pins,  a  discharge  was  found  to  occur 
at  +400  V  on  th  anode.  Unfortunately,  this  discharge  arced 
through  the  mesh  to  the  cathode.  After  this  major  arc,  the 
sample  no  longer  emitted. 

The  SEM  post-test  examination  of  this  cathode  showed 
severe  damage.  There  was  almost  no  grid  structure  left  to 
the  extractor.  Unfortunately,  the  large  arc  and  the  low  pres 
sure  operation  clouded  the  results. 

Test  HP-14 

Cathode  E13-2  emitted  at  a  low  level  at  500  torr, 

Table  B-8.  After  about  5  minutes,  the  current  at  -50  V  had 
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Table  B-7 .  Field  Emission  from  Cathode  L19D-A,  Test  HP-13 
(7.7  torr) . 


Voltage 

Applied 

(V) 

Emission  Current ^ 

(uA) 

Current 
Density 
(mA/cm2 ) 

Leakage 

Current 

(mA) 

-70 

45 

58 

1.8 

1 

00 

o 

68 

87 

2.0 

-90 

113 

145 

2.5 

-100 

136 

174 

3.0 

^+67  V  on  collector. 


/ 


* 
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2 

dropped  over  50%  to  0.68  yA  (0.8  mA/cm  ).  At  this  point,  a 
positive  voltage  was  applied  to  the  anode  and  emission  was 
observed.  Then,  the  polarity  of  the  oscilloscope  was  changed 
and  the  discharge  was  meausred.  Table  B-9  presents  a  summary 
of  these  results.  Note  that  the  order  in  which  the  data  was 
taken  is  indicated  on  this  table,  making  apparent  the 
hysteresis  involved  in  the  data.  At  first,  these  was  suffi¬ 
cient  emission  at  -45  V  to  cause  a  discharge  with  +500  V  on 
the  anode.  However,  when  the  10t^1  piece  of  data  was  taken, 
no  discharge  with  +500  V  on  the  anode  could  be  observed  with 
even  as  much  as  -60  V  on  the  pins.  This  hysteresis  was  fur¬ 
ther  displayed  with  the  emission  at  -50  V  at  the  start  of  the 
discharge  test  which  was  done  75%  from  the  original  value. 
After  the  sample  had  been  shut  off  for  15  minutes  to  prepare 
for  an  additional  test,  it  no  longer  emitted  at  all.  It  is 
important  to  note  that  the  current  from  the  discharges  which 
were  observed  coincided  with  the  voltage  pulse  despite  the 
fact  that  the  voltage  across  the  anode-mesh  configuration  was 
a  DC  voltage. 

SEM  analysis  of  cathode  E13-2  indicated  that  many  of 
the  tungsten  pins  had  been  melted  and  that  many  arcs  had 
occurred.  This  was  especially  noticeable  when  the  silica 
film  was  dissolved  away  and  the  complete  pins  examined. 
However,  there  is  no  indication  that  any  of  the  pins  were 


ion-milled. 


Table  B-9 .  Discharge  Current  from  Cathode  E13-2,  Test  HP-14 
(500  torr) . 


Anode 

Voltage 

(V) 

Applied 

Voltage 

(V) 

Emission 

Current 

(pA) 

Applied 

Voltage 

(V) 

Discharge 

Current 

(yA) 

450 

(2)* 

-50 

0.45 

(4) 

-60 

0.91 

480 

(3) 

-55 

Discharge 

500 

(1) 

-45 

Discharge 

(10)  No 

-60 

Discharge  up  to 

V 

600 

(5) 

-45 

Discharge 

(9)  -45 

0.91 

650 

(19)  -55 

14.0 

700 

(6) 

-40 

Discharge 

(12)  -50 

18.0 

750 

(7) 

-40 

Spark 

760 

(8) 

DC  Discharge 

♦Indicates  order  of  the  test 
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Test  HP-15 

Cathode  JP9-1  used  in  this  test  was  peculiar  in  that 
the  pins  were  tapered  but  still  flat  at  the  tip.  Apparently, 
the  pins  were  too  large  in  diameter  and  the  length  of  time 
in  the  pointing  etch  was  not  sufficient.  In  spite  of  this, 
this  sample  emitted  at  high  pressure.  Due  to  the  damage  done 
to  cathode  E13-2,  the  mesh-cathode  distance  was  raised  from 
0.16  cm  to  0.32  cm  for  this  and  subsequent  tests.  In  this  test, 
emission  measurements  were  made  at  a  series  of  pressures, 

Table  B-10.  Emission  at  39  torr  was  then  measured  as  a  func¬ 
tion  of  pin  voltage.  Table  B-ll. 

Test  HP-16 

This  test  used  the  same  cathode,  JP9-1,  as  test  HP-15. 

Emission  at  39  torr  was  found  to  be  identical  to  that  shown  in 

Table  B-ll,  but  still  down  from  the  original  emission,  Table 

B-10.  This  drop  was  discernible  at  all  pressures.  In  fact, 

emission  could  not  be  measured  above  350  torr.  With  -100  V 

on  the  pins,  emission  at  that  pressure  was  between  0.5  and 

2 

0.7  uA  (0. 7-1.0  mA/cm  ).  Emission  and  discharge  measurements 
were  made  with  -100  V  on  the  pins  at  350  torr.  Table  B-12. 

Again  all  of  the  current  measurements  coincided  in  time  with 
the  voltage  pulse,  extinguishing  when  the  pulse  ended.  The 
DC  discharge  at  +520  V  on  the  anode  remained  even  when  the 
voltage  was  removed  from  the  pins. 
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Table  B-10.  Field  Emission  Current  vs  Pressure  for  Cathode 
JP9-1,  Test  HP-15. 


Pressure 

(torr) 

„  .  .  (1) 
Emission 

Current 

(>jA) 

Pressure 

(torr) 

„  .  •  (1) 
Emission 

Current 

(vA) 

36 

22.7 

52 

9.1 

54 

4.5 

57 

6.8 

59 

2.7 

62 

2.7 

72 

4 . 5 

207 

1.8 

259 

0.9 

362 

0.7 

465 

0.7 

^-90  Volts  on  pin,  +  67  V  on  collector. 


Table  B-ll.  Field  Emission  from  Cathode  JP9-1,  Test  HP-15 
(39  torr) . 


Applied 
Voltaae 
(V)  ' 

Emission  ^ 
Current 
(wA) 

Current 
Density 
(mA/cm^ ) 

-50 

No  emission 

— 

-64 

0.5 

0.7 

-70 

0.7 

1.0 

-75 

1.4 

2.0 

-80 

6.8 

9.6 

-90 

13.6 

19.2 

mm  "■ 
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Table  B-12.  Emission/Discharge  Current  vs  Anode  Voltage  for 
Cathode  JP9-1,  Test  HP-16  (350  torr) . 


Voltage 

on 

Anode 

(V) 

Emission/Discharge  ^  ^ 
Current 
(uA) 

Voltage 

on 

Anode 

(V) 

Emission/Discha  ge ^ 
Current 
( P A) 

0-200 

-0.5 

300 

-0.3 

320 

-0.2 

330 

-0.1 

340 

-0.0 

400 

+1.8 

420 

+  2.7 

430 

+  4.5 

440 

+  4.5 

450 

+  6.8 

460 

+9.1 

470 

+11.4 

480 

+13.6 

- 

- 

DC  Discharge  at  520  volts  on 

anode:  0. 

5-0.9  p  A 

^-100  V  on  pins,  +67  V  on  collector  mesh. 


i.  Mi. .a 


•S’. I:*. J. 
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Test  HP-17 

Two  days  later,  JP9-1  was  again  tested  for  emission. 

Although  no  testing  had  been  done  in  the  interim,  it  now 

required  -175  V  to  obtain  emission  even  at  only  31  torr. 

In  fact,  no  emission  could  be  observed  at  any  pressure  higher 

than  this  value.  The  emission  at  those  conditions  was  1.8 
2 

uA  (2.5  mA/cm  ).  The  results  of  a  discharge  test  at  this  low 
pressure  are  presented  in  Table  B-13.  All  discharge  currents 
are  measured  with  -175  V  on  the  pins.  Both  50  psec  and  100 
ysec  pulses  were  used  in  this  test.  From  Table  B-13,  it  can 
seen  that  the  effect  of  pulse  length  on  discharge  current 
was  negligible.  Also,  the  voltages  at  which  a  DC  discharge 
was  initiated  for  each  pulse  length  are  shown.  Although  the 
values  differ  by  80  V,  this  discrepancy  was  most  likely  due 
to  the  difficulty  in  obtaining  reproducible  discharge  measure¬ 
ments,  and  not  a  result  of  the  pulse  length  differences.  As 
in  the  previous  test,  the  discharges  lasted  only  for  the  dura¬ 
tion  of  the  voltage  pulse  and  were  confined  to  a  column  between 
the  anode  and  the  wire  mesh  directly  above  the  cathode.  The 
DC  discharge  were  once  again  random  and  took  place  at  the  edges 
of  the  anode. 


Test  HP-18 

Because  it  was  felt  that  preionization  or  at  least  con¬ 
trol  of  a  discharge  current  by  the  LVFE  cathodes  had  been 
demonstrated,  the  next  few  tests  were  designed  to  determine 
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Table  B-13.  Discharge  Current  vs  Anode  Voltage  for  Cathode  JP9-1 , 
Test  HP-17  (31  torr) . 


Anode 

Voltage 

(V) 

Discharge 

Current 

LOO  usee  Pulse 
(uA) 

Discharge 

Current 

50  usee  Pulse 
(uA) 

390 

— 

4.5 

400 

— 

11.4 

410 

18.2 

18.2 

420 

22.7 

18.2 

430 

— 

27.3 

440 

27.3 

— 

450 

— 

36.4 

460 

34.1 

— 

470 

— 

54.5 

480 

34.1 

45.5 

500 

45.5 

56.8 

510 

45.5 

— 

540 

— 

68.2 

560 

600 

90.0 

90.9 

660 

— 

159.1 

DC  Discharge 

:  620  V  on  Anode 

15  uA 

700  V  on  Anode 
120  uA 

^ ^ -175  V  on  pins,  +  67  V  on  collector  mesh. 
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the  con  ’.itions  under  which  the  pins  would  last  in  a  high 

pressure  environment.  Cathode  L19E  was  not  very  useful  toward 

that  goal.  No  emission  from  that  cathode  was  measurable 

above  34  torr.  The  cathode  was  run  for  20  minutes  at  that 

pressure.  The  peak  voltage  used  on  the  pins  was  -180  V 

2 

which  resulted  in  emission  of  0.9  pA  (0.63  mA/cm  );  the  minimum 
voltage  used  during  the  run  was  -140  V.  Throughout  the  run, 
the  emission  current  steadily  decreased.  SEM  examination 
showed  that  the  tips  of  the  pins  were  severely  rounded. 

Upon  re-assembly,  no  further  emission  could  be  measured  from 
this  cathode. 


Test  HP-19 

Since  the  purpose  of  this  test  was  to  measure  the 
effects  of  emission,  this  test  was  run  in  the  original  two 
electrode  configuration.  In  this  test,  cathode  JP9-3  had 
measureable  emission  at  350  torr  when  -225  V  was  placed  on 
the  pins.  Raising  the  pressure  to  500  torr  resulted  in  no 
change  of  emission  current.  Table  B-14.  It  can  be  seen  that 
after  about  16  minutes  of  operation,  a  dramatic  step  change 
in  current  occurred.  Pin  voltage  had  to  be  raised  to  -250 
V  to  maintain  measureable  emission.  When  the  test  was  com¬ 
pleted,  after  45  minutes  of  operation,  the  cathode  was  still 
emitting  at  low  levels  in  the  500  torr  atmosphere.  The  post¬ 
test,  SEM  analysis  showed  many  arcs  and  a  large  variation  in 
pin  heights  varying  from  unchanged  to  too  short  to  be  seen. 


- 
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Table  B-14 .  Field  Emission  vs  Time  for  Cathode  JP9-3,  Test 
HP-19  (500  torr) . 


Elapsed 

Time 

(min) 

Voltage 

Applied 

(V) 

Emission  Current^ 

(pA) 

Current 
Density 
(mA/cm* ) 

0 

-225 

3.6 

4.3 

3 

-225 

4.5 

5.4 

4 

-175 

3.6 

4 . 3 

16 

Emission 

Reduced  Significantly 

19 

-250 

0.5 

0.6 

45 

-250 

0.9 

1.1 

+67  V  on  the  collector. 


*mcv*<*2  t-HM*'***  Aft*-. 
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Test  HP-20 

Cathode  L19D,  like  JP-3,  was  also  run  in  the  two 
electrode  configuration.  When  no  emission  could  be  measured 
at  high  pressure,  the  collector  cathode  spacing  was  reduced 
from  0.32  to  0.15  cm.  There  was  still  no  measureable  emission 
at  any  pressure  greater  than  8  torr.  At  this  pressure,  emis¬ 
sion  was  observed  at  -120  V  on  the  pins.  At  -150  V,  emission 

2 

was  between  0.9  and  1.3  pA  (1.1-1. 6  mA/cm  ).  Pressure  was 

raised  and  emission  was  measureable  up  to  220  torr.  At  this 

pressure,  -170  V  on  the  pins  extracted  an  emission  current 

2 

at  2.7  pA  (3.2  mA/cm  ).  SEM  examination  of  this  cathode  pro¬ 
vided  the  same  results  as  HP-19.  The  surface  of  the  extractor 
grid  looked  excellent,  but  the  pins  were  of  various  heights 
all  along  the  active  area. 


Test  HP-21 

Cathode  L19D-B  was  put  back  into  the  three  electrode 

configuration.  Now  emission  was  very  sluggish.  It  required 

-225  V  to  obtain  emission  at  13  torr.  Emission  could  not  be 

achieved  at  higher  pressures.  A  discharge  test  was  attempted 

with  this  cathode,  Table  B-15.  However,  the  discharges  in  this 

test  were  not  very  stable  and  consequently,  the  actual  current 

values  may  be  suspect.  Of  greater  importance  was  the  drop  in 

emission  current  which  occurred  as  a  result  of  the  test. 

Before  this  discharge  test,  the  current  at  -225  V  was  12,0 
2 

pA  (14.4  mA/cm  )  while  after  the  test  it  was  0.9  pA  (1.1 


1 11 

ii 
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Table  B-15.  Discharge  Current  vs  Anode  Voltage  for  Cathode 
L19D-B,  Test  HP-21  (13  torr) . 


Anode 

Voltage 

(V) 

Discharge  ^ 
Current 
(pA) 

Anode 

Voltage 

(V) 

Discharge  ^ 
Current 
(pA) 

100 

(2) 

Emission 

200 

(2) 

Emission 

300 

(2) 

Emission 

400 

Minor  Discharge 

420 

Discharge  ^  ^ 

440 

2.3 

460 

4.5 

500 

6.8 

540 

9.1 

570 

18.2 

620 

36.4 

640 

36.4 

650 

DC  Discharge 

f2|-225  V  on  pins,  +67  V  on  collector  mesh 
Approximately  0.9  pA 
' Not  measurable 
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2 

mA/cm  ) .  Once  again  the  SEM  examination  showed  the  same 
large  variation  in  pin  heights. 

Test  HP-22 

Test  HP- 2- ,  despite  the  erratic  emission  results,  did 
provide  an  interesting  concept  for  improvement  of  high  pres¬ 
sure  emission.  In  the  vacuum  LVFE  work,  it  has  been  well 
established  that  the  pins  would  "clean-up"  with  emission 
[40].  That  is,  the  current  at  a  particular  applied  voltage 
increases  and  the  voltage  at  which  emission  initiates 
decreases  as  emission  time  increases.  In  Test  HP-20,  the 
cathode  emitted  at  higher  pressure  only  after  emitting  at 
lower  pressure.  The  next  tests  were  designed  to  capitalize 
on  this  concept. 

Cathode  JP9-2  was  assembled  in  the  three  electrode 
configuration  and  placed  in  the  LVFE  vacuum  test  assembly. 

This  assembly  and  the  details  of  the  vacuum  testing  have 
already  been  described.  During  the  field  emission  testing, 
the  anode  and  mesh  were  connected  together  and  both  held  at 
+67  V.  Pressure  during  the  entire  vacuum  was  mid  10  torr. 

It  can  be  seen,  Table  B-16,  that  in  the  first  270  minutes, 
significant  improvement  in  the  vacuum  emission  was  made  with 
time.  However,  between  270  minutes  and  444  minutes,  a  degra¬ 
dation  in  emission  was  observed.  And,  when  the  emitter  was 
left  over  night,  the  emission  dropped  dramatically. 

Despite  the  low  emission,  the  diffusion  pump  and  baffle 


Table  B-16.  Field  Emission  Cv.  rent  vs  Time  for  Cathode  JP9-2, 
Test  HP-22  (10-6  torr) . 


Voltage 

Applied 

(V) 

Current  (uA) 
0  82 

at  Elapsed  Time 
177  270  444 

(min) (1) 
1402 

-60 

nd<2) 

7.5 

5.5 

9.0 

ND 

ND 

-70 

ND 

12.5 

- 

- 

ND 

ND 

-80 

6.8 

15.0 

28 

40 

12.5 

ND 

-90 

11.3 

20 

40 

- 

- 

ND 

-95 

(3) 

- 

- 

80 

- 

ND 

-100 

- 

28 

50 

100 

18 

ND 

-110 

- 

- 

- 

- 

- 

ND 

-115 

- 

- 

- 

140 

- 

ND 

-120 

- 

- 

76 

150 

52 

ND 

-150 

- 

- 

- 

235 

100 

5 

-200 

- 

- 

- 

- 

- 

10 

|_!+ 67  V  on  the  collector 

|  |  ND  =  No  emission  detected 

1  -  =  No  emission  measurement  made 


were  shut  off  and  the  system  pressure  was  allowed  to  rise. 

-4 

No  change  in  emission  was  noticed  at  either  10  torr  or 

-3 

10  torr.  At  15  ym,  the  emission  actually  rose  from  about 
5  yA  at  -150  V  applied  to  about  6  yA.  When  helium  was 
allowed  to  fill  the  chamber  to  760  torr,  emission  died.  The 
pressure  was  reduced  again  to  mid  10  ^  torr  and  emission 
remeasured. 

The  sample  now  showed  an  increase  in  emission  above 

that  observed  before  the  high  pressure  test.  In  an  attempt 

to  clean  up  the  pins,  -300  V  was  applied  resulting  in  an 

2 

emission  current  of  110  yA  (54.2  mA/cm  ).  At  -200  V,  the 

2 

current  was  now  70  yA  (34.5  mA/cm  ),  a  large  increase  from 

2 

the  10  yA  (4.9  mA/cm  )  shown  in  Table  B-15.  Once  again  the 
pressure  was  raised  to  atmospheric  pressure  with  He  and  once 
again  the  cathode  did  not  emit.  At  this  point,  the  cathode 
was  examined  in  the  SEM.  Very  minor  destruction  was  observed 
with  the  pins  remaining  unaffected. 

Test  HP-23 

Cathode  JP9-2  was  once  again  put  into  the  vacuum 
chamber  and  retested.  ’"rior  to  evacuating  the  chamber,  760 
torr  emission  was  tested.  When  the  test  began,  the  cathode 
was  shorted.  In  an  attempt  to  burn  out  the  short,  the  voltage 
was  raised  and  the  pulse  length  increased.  When  the  short 
burned  out  there  was  a  rapid  increase  in  emission.  In  order 
to  avoid  a  new  short,  the  voltage  was  dropped  to  -100  V  and 
the  emission  measured.  This  voltage  yielded  an  emission 
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2 

current  at  4.5  yA  (2.2  mA/cm  ).  Now  the  chamber  was  evacuated 

and  vacuum  (10  ®  torr)  V-I  data  was  recorded.  Table  B-17. 

It  can  clearly  be  seen  that  the  cathode  after  1124  minutes  of 

operation  was  emitting  much  better  than  before. 

After  the  1124  minute  reading,  the  diffusion  pump  and 

baffle  were  shut  off  and  the  pressure  allowed  to  come  up  to 

760  torr.  Once  again  emission  was  detected  at  -100  V  on  the 

2 

pins,  but  this  time  only  1.6  yA  (0.8  mA/cm  ).  At  -120  V,  the 

2 

emission  increased  to  2.6  yA  (1.3  mA/cm  )  but  decreased  with 

time.  Pressure  was  reduced  to  less  than  .030  torr  and  emission 

2 

retested.  Emission  as  high  as  600  yA  (295.8  mA/cm  )  at  -150 

V  was  detected,  but  this  emission  also  decreased  with  time. 

Pressure  was  raised  to  760  torr  and  emission  of  2.7  yA  (1.3 
2 

mA/cm  )  was  recorded  with  -100  V  on  the  pins  and  9.0  yA 
2 

(4.4  mA/cm  )  with  -150  V  on  the  pins.  Pressure  was  then 
alternated  between  .030  torr  and  atmosphere.  Table  B-18. 

As  can  be  seen  by  comparing  the  30  x  10  ^  torr  emission 
results,  this  cathode's  emission  was  gradually  deteriorating. 
The  chamber  pressure  was  not  reduced  to  10  ®  torr  and  the 
field  emission  was  remeasured.  After  raising  the  voltage  to 
-230  V,  the  current  at  -150  V  was  70  yA  (34.5  mA/cm^) .  When 
this  value  is  compared  to  the  final  entry  in  Tabi_  B-17,  the 
degradation  of  this  cathode  is  clearly  illustrated.  The 
post-test  SEM  examination  indicated  that  there  has  been  a 
significant  shortening  of  the  pins. 


Table  B-17.  Field  Emission  Current  vs  Time  for  Cathode 
JP9-2 ,  Test  HP-23  (10-6  torr) . 


Voltage 

Applied 

(V)  Time: 

Current 

0 

(1) 

39 

(pA)  at 

61 

Elapsed 

1092 

Time  (min) 

1124 

-40 

nd(2) 

ND 

ND 

4 

_  ( 3) 

-50 

ND 

ND 

ND 

24 

- 

-60 

25 

- 

22 

55 

- 

-80 

64 

- 

90 

175 

- 

-100 

150 

- 

150 

340 

400 

-110 

190 

170 

- 

- 

- 

-130 

- 

- 

- 

- 

600 

+67  V  on  collector 
, ND  =  No  emission  current  detected 
-  =  No  emission  measurement  made 
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Table  B-18.  Comparison  of  760  torr  and  .030  torr  Field  Emis¬ 
sion  from  Cathode  JP9-2,  Test  HP-23 


Applied 

Voltage 

(V) 

Emission  Current  (yA)  ^  at 
Pressure 

760  .030  760  .030 

Pressure  (torr) 

760  .036 

760 

100 

1.6 

_  ( 3) 

2.7 

10 

ND 

- 

ND 

120 

2.6 

- 

- 

70 

ND 

- 

ND 

130 

- 

125 

- 

- 

ND 

- 

ND 

150 

- 

600 (4) 

9.0  (4) 

**“*■» 

o 

o 

ND 

181(5) 

ND 

160 

- 

- 

- 

- 

g(6> 

- 

ND 

,2]+67  v  on  the  collector 
;3^Time  increased  from  left  to  right 
;Jno  emission  measurement  made 
Decreased  with  time 
ig^Down  to  90  yA  after  10  minutes 
'  'Down  to  6.3  jjA  after  10  minutes 
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Test  HP-24 

—  6 

Cathode  El-2  was  also  tested  at  both  10  torr  and 
760  torr.  Although  the  10-6  emission  appeared  to  have 
little  effect  on  the  760  torr  emission,  this  test  was  retained 
to  provide  a  means  for  comparison  of  the  cathodes.  The 
leakage  current  from  this  cathode  was  very  high,  over  16  mA 
at  -100  volts.  To  minimize  the  chance  of  shorting  the 
cathode,  the  pulses  were  reduced  to  50  usee.  At  -200  V  the 
emission  from  this  cathode  was  75  yA  (56.0  A/cm  ).  Unfortun¬ 
ately,  after  the  cathode  was  shut  off  for  a  night,  emission 

2 

at  -200  V  was  only  15  uA  (11.2  mA/cm  ).  At  this  point,  the 
pressure  was  raised  and  a  fruitless  attempt  was  made  to  mea¬ 
sure  emission.  Assuming  that  this  cathode  would  not  emit 
at  high  pressure,  it  was  decided  to  measure  the  effect  on  the 
discharge  of  the  pin  voltage  without  emission.  This  test 
proved  to  be  a  serendipity  because  a  clear  preionization 
effect  was  observed.  Holding  the  anode  at  a  constant  DC 
voltage,  the  pin  voltage  was  raised  until  a  discharge  current 
was  measured.  The  discharge  occurred  at  -510  V  when  500  V 
was  on  the  anode  and  at  -100  V  when  900  volts  was  on  the  anode, 
indicating  that  emission  and  not  pin  voltage  per  se  caused 
the  discharge.  Table  B-19  shows  the  effect  of  anode  voltage 
at  constant  pin  voltage  (-150  V) .  More  interesting  is  the 
effect  of  pin  voltage  on  the  discharge  at  constant  anode 
voltage,  Table  B-20.  Although  not  complete,  there  is  a 
definite  trend  toward  higher  discharge  current  at  higher 
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Table  B-19.  Discharge  Current  from  Cathode  El-2,  Test  HP- 24 
(760  torr) . 


Anode 

Voltage 

(V) 

Discharge4 

Current 

(pA) 

Average 

Discharge 

Current 

(pA) 

500 

++ 

0 

600 

(2-5) +++ 

3.5 

700 

(5-6) ,  2 

4.3 

720 

5 

5 

800 

(5-7.5) 

6.3 

850 

(5-15) 

10 

++-150  V  on  pins,  +67  V  on  collector  mesh. 
+++Flicker  indicating  beginning  of  discharge 
(  )  =  range  for  one  data  point 


* 
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Table  B-20.  Discharge  Current  for  Cathode  El-2,  Test  HP-24 
(760  torr) . 


Anode 

Voltage 

(V) 

Applied 

Voltage 

(V) 

Discharge+ 

Current 

(pA) 

Average 

Discharge 

Current 

(vA) 

500 

-150 

0 

0 

-160 

2 

2 

-170 

2 

2 

-190 

2 

-200 

( 2- 5) ++ 

3.5 

600 

-100 

1 

1 

-110 

0 

0 

-120 

(2-5) 

3.5 

-150 

(2-5)  ,5, (2-5)  ,2 

3.5 

-170 

(4-5) 

4.5 

650 

-140 

(2-5) 

3.5 

700 

-110 

0 

0 

-120 

1,  (.5-5) 

1.8 

-130 

2 

2 

-140 

1,2 

1.5 

-150 

(5-6) ,2 

3.7 

710 

-120 

5 

5 

-140 

5 

5 

720 

-140 

4 

4 

-150 

5 

5 

800 

-150 

(5-7.5) 

6.3 

-120 

1 

1 

-150 

(5-15) 

10 

++67  V  on  the  collector 

(  )  =  range  of  current  for  single  test 


pin  voltage.  This  was  the  first  evidence  of  the  LVFE  pre¬ 
ionization  source  controlling  the  discharge  current.  After 
completing  the  discharge  tests,  emission  from  the  cathode 

was  once  again  measured  at  10  ^  torr.  Now  only  10  yA  (7.4 
2 

mA/cm  )  was  measurable  at  -200  V.  SEM  analysis  of  the 
sample  indicated  that  none  of  the  pins  had  been  ion-milled. 

Test  HP-25 

This  was  made  in  the  same  manner  as  Test  HP-24.  Low 

pressure  emission  (10  ^  torr)  with  the  cathode  (ER+E)  was 

2 

measured  as  130  yA  (143  mA/cm  )  at  -150  V  after  about  two 
hours  of  conditioning.  When  the  pressure  was  raised  to  760 
torr,  trace  emission  was  observed  at  -120  V.  Discharge  tests 
were  then  performed  as  before.  These  are  summarized  in 
Table  B-21.  Occasionally  as  the  pin  voltage  was  raised,  a 
DC  discharge  would  be  initiated.  This  did  not  happen  con¬ 
sistently  and  those  data  points  were  not  recorded.  Once 
again  the  trend  toward  control  of  the  discharge  current  with 
the  LVFE  was  evident,  in  fact  more  so  than  with  the  previous 
test. 

Throughout  this  test,  there  was  an  observed  tendency 
for  the  discharges  to  become  more  sluggish.  After  a  while, 
it  was  found  that  the  voltage  had  to  be  raised  to  -120  V 
before  discharges  would  occur  at  the  lower  voltages.  SEM 
examination  of  this  sample,  however,  did  not  reveal  any 
blunting  of  the  pins. 
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Table  B-21, 


Discharge  Current  for  Cathode  ER+E,  Test  HP-25 
(760  torr) 


Anode 

Voltage 

(V) 

Applied 

Voltage 

(V) 

Discharge 

Current 

UA) 

Average 

Discharge 

Current 

<vA) 

400 

-60 

1 

1 

-100 

2 

2 

-120 

4 

4 

-140 

5 

5 

500 

-60 

1,1 

1 

-70 

4,2,3 

3 

-80 

00 

00 

"'T 

5.6 

-90 

4 

4 

600 

-60 

2,2,2 

2 

-70 

2,12,3,4 

5.25 

-80 

14,1,3,5 

5.75 

-100 

18,15 

16.5 

700 

-60 

4 

4 

-65 

6 

6 

-70 

8,5 

7.5 

-75 

10 

10 

-90 

10 

10 

-100 

15 

15 
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SPACE  CHARGE  AT  HIGH  PRESSURE 

In  a  high  pressure  discharge,  if  the  current  density 
is  large  enough  to  distort  the  field,  space  charge  must  be 
considered.  The  current-voltage  relationship  of  ions 
travelling  between  parallel  plane  electrodes  under  space 
charge  conditions  is  given  by  [8,  46], 

2 

J  =  9.95  x  10"14  \  K  (C-l) 

dJ 

where:  V  =  the  voltage  between  the  electrodes 
d  =  the  distance  between  the  electrodes 
K  =  the  mobility  of  the  ions. 

Usually  this  equation  is  used  when  positive  ions  from  the 
cathode  are  considered  [46] .  However,  in  the  case  where  the 
only  charge  carriers  are  electrons,  this  equation  can  be  used 
Field  emitters  under  conditions  of  no  ionization  meet  this 
criterion. 

In  order  to  apply  equation  (C-l)  to  high  pressure 
electron  space  charge,  the  mobility  of  the  electrons  must  be 
known.  The  mobility,  X  ,  is  related  to  the  average  distance 
travelled  by  the  electron  in  one  second  in  the  direction  of  a 
field,  E,  as: 
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K  =  Vd/E  (C-2) 

where  Vd  is  the  drift  velocity.  Naturally,  the  mobility  will 
depend  on  the  mean  free  path  or  the  inverse  of  pressure  as 
well  as  the  gas.  Consequently,  Vd  is  a  specific  function  of 
E/p  for  a  particular  gas.  Reference  [46]  provides  a  graph  of 
E/p  vs  Vd  for  electrons  in  helium.  For  each  of  the  cathodes 
which  emitted  at  high  pressure,  E/p,  Vd,  and  Ke  can  be  cal¬ 
culated  using  those  values  and  equation  (C-2) .  Then,  from 
equation  (C-l) ,  the  space  charge  limited  current  for  each 
condition  can  be  calculated.  These  results  are  presented  in 
Table  C-l,  along  with  the  maximum  experimental  current  dr n- 
sity  for  that  condition.  A  correlation  of  0.573  exists 
between  these  values.  While  this  does  not  confirm  the  pres¬ 
ence  of  space  charge  limited  current,  it  provides  an  indica¬ 
tion  that  space  charge  could  be  playing  an  important  role. 
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Table  C-l.  Space  Charge  Current  Limit. 


Cathode 

d 

(cm) 

E 

(V/cm) 

E/p 

(v/cm  torr) 

Vd  x  10~6 
(cm/sec) 

K 

e 

cm-  1 

JTheo 

mA/cm2 

J 

Exp 

mA/cm2 

E17-1 

0.1 

1670 

3.3 

2.41 

1443 

4.0 

24.5 

L19-B 

0.1 

1570 

3.2 

2.  33 

1484 

3.6 

3.  9 

E20-1 

0.1 

1670 

3.  3 

2.41 

1493 

4.0 

12.  7 

E13-2 

0.16 

731 

1.5 

1.28 

1751 

0.6 

2.2 

JP9-1 

0.  32 

521 

0.6 

0.58 

1113 

0.09 

1.0 

JP9-2 

0.  32 

709 

0.9 

0.83 

1170 

0.18 

4.4 

ER+E 

0.32 

584 

0.8 

0.75 

1284 

0.14 

0.3 
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RESULTS  FOR  COMPOSITE  ELECTRODE  TESTS 

This  appendix  provides  the  test  conditions,  raw  data 
and  observations  for  the  composite  electro  .  testing. 

CW  Tests 

Data  for  the  CW  cathode  full  tests  for  the  five  dif¬ 
ferent  electrodes,  Table  6,  is  presented  in  Tables  D-l  through 
D-5 .  A  500  k£  series  resistor  provided  a  discharge  which 
appeared  to  behave  as  a  glow  discharge  for  all  but  the  two 
U02~W  electrodes.  For  these,  the  current  did  not  appear  to  be 
sufficient  to  sustain  a  stable  glow  and  the  resistor  was 
reduced  to  250  k!l  or  to  68  ks7. 


Pulsed  Discharge  Tests 

The  first  tests  performed  were  a  repeat  of  the  CW 
cathode  fall  tests  using  50  ysec,  500  Hz  pulses.  A  68  kft 
resistor  was  used  as  the  series  resistor.  With  the  0.1  cm 
separation,  both  a  new  UC^-W  electrode  (U-2) ,  Table  D-6,  and 
the  original  aluminum  electrode  (Al-1) ,  Table  D-7,  were  run 
in  discharge  tests.  A  major  problem  with  using  the  0.1  cm 
discharge  gap  was  that  it  was  difficult  to  observe  the  cathode 
during  a  discharge.  Since  the  main  purpose  of  the  pulse  tests 
was  to  observe  discharge  uniformity,  the  next  tests  were 


Table  D-l.  CW  Discharge  Data  for  Cathode  G-l  (500  kfi) 


P  (torr) 

vs  (V) 

vD  (V) 

I  (mA) 

23 

503 

385 

0.23 

32 

522 

392 

0.26 

41 

552 

398 

0.30 

51 

571 

406 

0.33 

78 

660 

448 

0.43 

103 

739 

481 

0.51 

121 

808 

511 

0.60 

155 

907 

542 

0.73 

23 

513 

408 

0.20 

55 

591 

396 

0.37 

80 

661 

400 

0.51 

112 

759 

422 

0.66 

155 

883 

570 

0.54 

!i 


•IfcAi:, 
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Table  D-6.  Pulsed  Dische  ge  Data  for  Cathode  U-2. 


P  (torr) 

V  (V) 
s 

vD  (V) 

I  (mA) 

85 

739 

430 

4.5 

155 

1015 

520 

7.  3 

247 

1043 

580 

6.8 

85 

833 

500 

4.9 

47 

697 

450 

3.6 

163 

982 

550 

6.4 

R  =  68  kfi 

d  =  0 . 1  cm 

dc  =  50  ysec/500  Hz 
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performed  using  the  0.3  cm  separation.  The  data  for  an  exposed 
pin  Gd203-Ce203-Mo  electrode  (G-2E)  and  an  exposed  pin  U02~W 
composite  electrode  (U-1E)  is  shown  in  Table  D-8  and  D-9, 
respectively.  In  these  tests,  electrode  G-2E  was  v  ry 
unstable  with  arcs  appearing  on  the  surface  at  pressures  as 
low  as  25  torr.  The  discharge  from  the  exposed  pin  U02~W 
composite,  on  the  other  hand,  looked  quite  uniform  up  to  the 
highest  pressure  tested,  100  torr. 

To  examine  the  uniformity  of  the  discharge  at  higher 
currents,  the  68  kO  resistor  was  replaced  with  a  25  kft 

resistor.  A  U02~W  electrode  (U-3) ,  Table  D-10,  was  tested 

* 

using  this  lower  resistance.  In  this  test,  small  arcs  were 
observed  on  the  surface  at  28  torr  and  continued  throughout 
the  higher  pressures.  The  25  kfi  resistor  was  also  used  with 
a  test  of  Al-1 ,  but  the  discharge  was  very  erratic  and  no 
data  was  taken. 

In  an  attempt  to  stabilize  the  discharge,  electrode  U3 
was  polished  to  a  0.3  pm  finish  and  retested  using  a  8.4  kP 
resistor.  Now  the  discharge  was  much  more  stable.  Repolishing 
the  aluminum  cathode  Al-1  also  stabilized  the  discharge  from 
this  cathode.  Therefore,  before  testing  the  electrodes  at 
high  pressure,  the  U02~W  and  aluminum  electrode  were  both 
polished  to  0.3  ym.  For  the^ high  pressure  tests,  the  0.1  cm 
separation  was  used  in  order  to  lower  the  voltage  required 
for  the  high  pressure  discharge.  This  made  examination  of  the 
glow  on  the  cathode  surface  more  difficult,  but  it  was  still 
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Table  D-8.  Pulsed  Discharge  Data  for  Cathode  G-2E. 


P  (torr) 

< 

01 

< 

VD  (V) 

I  (nuV 

78 

800 

640 

2.4 

164 

971 

640 

4.7 

267 

1230 

760 

6.9 

349 

1418 

800 

9.1 

R  =  68  kfi 

d  =  0 . 3  cm 

dc  =  50  ysec/500  Hz 

i  D-9.  Pulsed  Discharge 

Data  for 

Cathode  1 

P  (torr) 

vs  (V) 

> 

Q 

> 

I  (mA) 

85 

951 

580 

5.5 

110 

976 

580 

5.8 

160 

962 

560 

5.9 

260 

1238 

620 

9.1 

330 

1374 

750 

9.2 

R  =  68  kfi 

d  =  0 . 3  cm 

dc  =  50  ysec/50  Hz 
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possible  to  observe  the  uniformity  of  the  discharge.  For 
t>~  se  tests  pulse  characteristics  more  typical  of  laser 
operation,  (4  usee,  500  Hz  pulses)  were  used.  Because  of  the 

»  short  pulses,  the  resistance  had  to  be  lowered  to  4.2  ko. 

The  data  taken  for  these  runs  is  presented  in  Table  D-10 
through  Table  D-14. 

# 

With  the  aluminum  cathode,  flickering  in  the  discharge 
was  observed  as  low  as  150  torr.  At  200  torr,  many  arcs  were 
noticeable  in  the  discharge.  It  was  not  possible  to  get  any 
kind  of  uniform  discharge  from  the  aluminum  cathode  at  pres¬ 
sures  above  180  torr.  The  U02-W  cathode,  on  the  other  hand, 
produced  a  discharge  which  was  uniform  and  stable  up  to  250 
torr.  The  glow  at  that  pressure  was  not  confined  to  the 
walls.  At  380  torr,  arcs  occurred  in  the  discharge,  but 
a  glow  could  still  be  spread  on  the  surface.  At  350  torr,  a 
stable  discharge  could  be  achieved.  The  etched  U02-W  cathode, 
produced  a  uniform  glow  at  200  torr  with  the  exception  of 
occasional  bright  flickering  at  the  surface.  At  300  torr, 
an  arc  was  present  and  the  discharge  could  not  be  spread  along 
the  cathode  surface. 

Post  test  evaluation  of  the  aluminum  cathode  showed 
oxidation  at  each  of  the  four  corners  of  the  discharge  indi¬ 
cating  the  extent  to  which  arcing  occurred  on  the  aluminum 
cathode.  The  U02~W  cathode  was  remarkably  undamaged  with  the 
exception  of  a  few  missing  pins.  The  etched  U02~W  cathode 
showed  the  most  visible  destruction.  Many  arcs  were  evident 
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Table  D-10.  Pulsed  Discharge  Data  for  Cathode  U-3. 


P  (torr) 

vs  (v) 

vD  (V) 

I  (mA) 

28 

807 

406 

13.2 

80 

1250 

616 

21.8 

1  >/3 

1575 

762 

30.9 

148 

2250 

935 

50.0 

R  =  25  kfi 
d  =  0 . 3  cm 


Table  D-ll.  High  Pressure  Pulsed  Data  for  Cathode  AL-1. 


p 

(torr) 

vs  (V) 

vD  (V) 

I  (mA) 

32 

600 

420 

43 

78 

750 

460 

78 

155 

1050 

520 

118 

55 

1100 

560 

126 

R 

=  4.1 

kfi 

d 

=  0.1 

cm 

dc 

=  4  ysec/500  Hz 

■12 

.  High 

i  Pressure 

Pulsed  Data 

for  Cathode 

P 

(torr) 

Vs  (V) 

vD  (V) 

I  (mA) 

85 

739 

430 

45 

155 

1015 

520 

73 

247 

1043 

58o 

68 

85 

833 

500 

49 

47 

697 

450 

36 

163 

982 

550 

64 

R 

=  4.1 

kn 

d 

=  0.1 

cm 

dc  =  4  usec/500  Hz 


r 
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Table  D-13.  High  Pressure  Pulsed  Data  for  Cathode  U-1E. 


P  (torr) 

vs  (V) 

vD(v)* 

I  (mA)  * 

80 

1100 

580 

132 

155 

1200 

560 

144 

207 

1450 

640 

178 

259 

1550 

750 

216 

*Data  erratic 

R  =  4.1  kO 
d  =  0 . 1  cm 
dc  =  4  jjsec/500  Hz 
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Table  D-14.  Minimum  Sparking  Voltage  for  Cathodes 
AL-1,  U-2 ,  U-lE. 


Pressure 

(torr) 

Pressure 

(psia) 

Minimum  Voltage 
AL-1  U-3 

(V) 

U-1E 

31 

0.6 

600 

- 

1000 

78 

1.5 

750 

- 

1000 

83 

1.6 

- 

850 

- 

155 

3.  0 

1050 

1200 

1200 

207 

4.0 

1250 

1400 

1450 

259 

5.0 

- 

1500 

1550 

310 

6.0 

1500 

1700 

1750 

362 

7.0 

- 

1750 

- 

465 

9.0 

2100 

2100 

- 

569 

11.0 

2400 

2480 

2100 

200 


along  the  surface,  while  several  of  the  pins  were  either 
melted  or  destroyed  by  the  arcs. 


A 
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